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ABSTRACT 
Atherosclerosis is a chronic inflammatory disease and is considered the leading cause 
of cardiovascular pathologies that are the main cause of death worldwide. It starts with 
the entrapment and modification of low density lipoprotein (LDL) in the arterial intima that 
activates a cascade of events that will culminate with the atherosclerotic plaque 
formation. Vascular smooth muscle cells (VSMCs), the most numerous component of 
the arterial wall, have a critical role in plaque formation. Upon stimulation by the modified 
LDL and/or indirectly by the endothelial cells and macrophages, VSMCs become 
proliferative and migrate to form a protective fibrous cap which prevents plaque rupture. 
Indeed, in initial stages of atherogenesis, proliferation and migration of VSMCs are 
important for the maintenance of plaque stability. However, in later stages, VSMCs lose 
these abilities becoming lipid laden “foam cells” (cells enriched with lipids) and senescent 
which leads to plaque instability and increase risk of rupture. The molecular aetiology 
involved in these events remains to be elucidated. Therefore, identifying how and why 
VSMCs start to have these phenotypes is of paramount importance and a major area of 
interest in the atherosclerosis field. 
Our group has already shown that an end product of cholesteryl esters oxidation (one of 
the main constituents of LDL), cholesteryl hemiesters (ChE), are present in human blood 
and their levels are higher in cardiovascular disease patients. Moreover, they are pro-
atherogenic towards macrophages and zebrafish larvae. Taking this into account, the 
main objective of this work is to characterize the effect of ChE towards VSMCs to better 
understand the role of these lipids in the aetiology of atherosclerosis. More specifically, 
our work is focused on the role of ChE towards lysosomal dysfunction, migration and 
proliferation of VSMCs and the implication of this lysosome dysfunction on these 
processes. 
Here we show that the most prevalent cholesteryl hemiester in the plasma lipidome of 
cardiovascular disease (CVD) patients – cholesteryl hemiazelate (ChA) – is able to 
induce alterations in vitro at the level of lysosome function, plasma membrane rigidity 
and cell stiffness. ChA-treated VSMCs acquire a foam cell-like phenotype, characterized 
by lysosomes full of ChA and neutral lipids. They exhibit an enlarged perinuclear 
lysosomal population with altered luminal pH and inhibition of degradative capacity and 
cargo exit.  However, in contrast with what has been generally described to occur when 
lysosomes become defective, we did not observe an activation of the MiT-TFE family of 
lysosomal transcription factors. On the contrary, we even observed a decrease in total 
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XXVI 
TFEB levels and in the transcription of lysosome- and autophagy-related genes. 
Moreover ChA-treated VSMCs show decreased proliferation and migration capacity that 
can be associated with lysosomal dysfunction, increase plasma membrane rigidity and 
cell stiffness.  
Altogether, this work demonstrates that ChA, found elevated in CVD patients, is sufficient 
to induce lysosome dysfunction and plasma membrane rigidity affecting also cell 
proliferation and migration, which consequently may have a significant impact in 
atherosclerosis progression.    
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RESUMO 
Aterosclerose é uma doença inflamatória crónica considerada a principal causa das 
patologias associadas às doenças cardiovasculares, sendo estas a principal causa de 
morte no mundo. Caracteriza-se pela retenção e modificação de LDL (liproproteínas de 
baixa densidade) na intima arterial que ativa uma cascata de eventos que culminam com 
a formação da placa aterosclerótica. Células do músculo liso vascular (VSMCs), maior 
componente da parede arterial, têm um papel fundamental na formação da placa. 
Quando estimuladas pela LDL modificada ou indiretamente pela ativação das células 
endoteliais e macrófagos, as VSMCs aumentam a sua capacidade proliferativa e 
migratória formando uma capa fibrosa protetora sobre a placa prevenindo a sua rutura. 
De facto, nos estadios iniciais da doença, a proliferação e migração das VSMCs são 
importantes para manter a estabilidade da placa. Contudo, em estadios tardios, as 
VSMCs começam a perder estas capacidades, tornando-se células “espumosas” 
(enriquecidas de lípidos) e senescentes que por sua vez pode levar à instabilidade da 
placa e rutura da mesma. A etiologia molecular por detrás destes eventos mantem-se 
desconhecida. Por conseguinte, a identificação de como as VSMCs começam a ter 
estes fenótipos é de crucial e uma área de grande interesse por parte da comunidade 
científica. 
Publicações do nosso grupo mostraram que um produto final da oxidação de ésteres de 
colesterol (que são o principal constituinte do LDL) denominados hemiesters de 
colesterol (ChE), estão presentes no plasma e que os níveis dos mesmos estão 
elevados em doentes com doenças cardiovasculares. Além disso, mostrámos ainda que 
estes compostos são pro-aterogénicos para macrófagos e larvas de peixe zebra. Tendo 
tudo isto em conta, o objetivo deste trabalho foi caracterizar o efeito de ChE em VSMCs 
para melhor perceber o papel destes lípidos na etiologia da aterosclerose. Mais 
especificamente, o trabalho focou-se no papel dos ChE na disfunção lisossomal, 
proliferação e migração das VSMCs, já que estas propriedades desempenham um papel 
importante no desenvolvimento das placas ateroscleróticas. 
Neste trabalho mostrámos que o hemiester de colesterol mais prevalente no lipidoma 
do plasma de doentes cardiovasculares – hemiazelato de colesterol (ChA) – sozinho é 
capaz de induzir alterações in vitro a nível da função lisossomal e rigidez da membrana 
plasmática. VSMCs tratadas com ChA exibem uma população lisossomal dilatada na 
região perinuclear com pH alterado, inibição da sua capacidade degradativa e 
acumulação de lípidos, fenótipo semelhante ao encontrado em “células espumosas”. 
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Contudo, em contraste com o descrito na literatura quando ocorrem defeitos 
lisossomais, nós não observámos ativação dos fatores de transcrição lisossomais da 
família MiT-TFE. De facto, nós observámos diminuição dos níveis totais de TFEB e de 
outros transcritos lisossomais e autofágicos. Adicionalmente, VSMCs tratadas com ChA 
mostram ainda uma diminuição na capacidade de migrar e proliferar que pode estar 
associada à disfunção lisossomal assim como com o aumento da rigidez da membrana 
plasmática. 
Em suma, este trabalho mostra que o ChA, encontrado aumentado em doentes com 
doenças cardiovasculares, é suficiente para alterar função lisossomal, propriedades da 
membrana e consequentemente proliferação e migração, o que pode ter um impacto 
importante no desenvolvimento da aterosclerose e outras doenças de envelhecimento. 
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1.1 Atherosclerosis 
Atherosclerosis is a chronic lipid driven inflammatory disease that takes 
several years to develop. The word atherosclerosis derives from Greek in which 
“sklerosis” means hardening of the vessels and “athḗra” means gruel. 
Atherogenesis is the process that leads to narrowing of the vessels by the 
formation of a plaque in the intima layer of the arteries that in later stages can 
lead to the formation of a clot that ultimately could block the blood flow. In the last 
decades, scientists have been searching for a cure or an efficient treatment for 
atherosclerosis, a twenty first century epidemic disease. Some drugs combined 
with advanced devices and prevention measures seem to be effective however 
the battle to halt this epidemic is being lost (Estol, 2011).  
1.1.1 Epidemiology and Risk Factors 
An estimated 17.9 million people died from cardiovascular diseases (CVDs) in 2016 
worldwide representing 31% of all global deaths. These numbers award the CVDs as 
the leading cause of death in that year and in the last 15 years (“Cardiovascular Diseases 
(CVDs)”, 2017). CVDs are normally associated to later years and ageing however what is 
less known is that CVDs are the leading cause of death from age 15 years old, which 
shows that this disease is no longer only an ageing related disease (Fig.1.1A, B and C). 
Interestingly, more than three quarters of the vascular deaths occur in low- and 
middle-income countries and affect all races and ethnicities in a similar manner 
(“Cardiovascular Diseases (CVDs)”, 2017). CVDs are a group of diseases /disorders that 
affect the heart and vessels, and many are related to atherosclerosis as it is the 
underlying cause of myocardial infarction, stroke, ischemic heart failure and sudden 
cardiac death (Frostegård, 2013; Tabas et al., 2015). As a multifactorial disease, the exact 
cause is not known. Such factors can be non-modifiable or modifiable. In the non-
modifiable factors are the ones that it cannot be control like inherited traits as familiar 
hypercholesterolemia, age, gender and even socioeconomic status of the country. In the 
modifiable factors are enlisted the ones that can be reverted and monitored like obesity, 
sedentary lifestyle, smoking, alcohol, type 2-diabetes, high blood pressure, 
hypercholesterolemia and unhealthy diet (Ji et al., 2019). Albeit, it is well stablished that 
certain factors can increase the risk of developing atherosclerosis. And, while major 
scientific advances are being made in understanding the onset of atherosclerosis, people 
with modifiable risk factors associated with atherosclerosis are increasing exponentially, 
being one of the main health problems of this century. For instance, type 2-diabetes 
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prevalence has doubled in the past 20 years and 39% of adults with the age 18 years or 
more were overweight in 2016 (“Obesity and Overweight”, 2020; Zimmet & Alberti, 2016). 
Taking this into account and that two thirds of people with fewer risk factors have a 
cardiovascular event, it is of paramount importance to understand how atherosclerosis 
develops to ultimately find an effective treatment or cure (Estol, 2011). 
Figure 1.1 | Number of deaths by causes of death in the World in 2016 
A Causes of death worldwide between 15 and 49 years old; B Causes of death worldwide between 50 and 
69 years old; C Causes of death worldwide at 70 years old and older; Adapted from (“Causes of deaths for 
15 to 49 year olds, World, 2016”; “Causes of Deaths for 50 to 69 Year Olds, World, 2016”; “Causes of Deaths 
for People Who Were 70 Years and Older, World, 2016”).  
Yet, before going into the development of the disease it is important to understand 
lipoproteins and cholesterol, its metabolism and its importance in our organism as they 
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1.1.2 The major players of atherosclerosis 
1.1.2.1  Lipoproteins 
The concept of fat transport system was slowly developed over three centuries. 
Cholesterol was discovered first in bile and gallstones by Poulletier de la Salle (1769) 
(Dam, 1958) and later in the blood (1833) (Dam, 1958;  Boudet, 1833). Yet, in the early 19th 
century, chemists believed that clear blood plasma had only one soluble protein, 
albumin, and no fat. Only in 1929, lipoproteins were discovered by Michel Macheboeuf 
in the horse plasma (Macheboeuf, 1929). After their discovery and aproximately 30 years 
of extensive research it was proposed the first fat transport system (1960) (Olson, 1960). 
The knowledge of this system evolved throughout the years and nowadays we have a 
clear understanding of lipid transport, storage and synthesis. This knowledge is essential 
to understand the outcome of some diseases.  
The most important plasma lipids are cholesterol and triglycerides (TG). While 
cholesterol is fundamental for normal cell function, TG’s main function is to provide 
energy. They are hydrophobic and are therefore they are transported in the circulation in 
the form of lipoproteins. Lipoproteins are complex particles that contain a hydrophobic 
core of non-polar lipids like cholesterol esters (CE) and TG surrounded by a monolayer 
of free cholesterol (FC), phospholipids, and apolipoproteins, which facilitate lipoprotein 
formation and function (Fig 1.2A). Plasma lipoproteins can be divided in several classes 
based on lipid compositions, apolipoprotein present, density and its size. The main 
groups are the chylomicrons (CM), very-low-density lipoproteins (VLDL), intermediate-
density lipoproteins (IDL) and low-density lipoproteins (LDL), which are all pro-
atherogenic, and high-density lipoproteins (HDL) which are anti-atherogenic (Fig 1.2B). 
CM and VLDL are the main TG carrying lipoproteins, while LDL and HDL are the main 
cholesterol carrying lipoproteins (Feingold & Grunfeld, 2000). 
Lipoprotein metabolism is a complex network that can follow the exogenous or 
endogenous pathway depending on the source of lipids, dietary or hepatic (Fig. 1.3). The 
exogenous or intestinal pathway starts in the intestine with the hydrolysis of dietary TG 
into free fatty acids (FA), monoglycerides and/or diglycerides by the action of lingual and 
pancreatic lipases. Afterwards, FA are emulsified with bile acids, plant sterols, 
cholesterol and fat-soluble vitamins forming micelles that are taken up by the intestinal 
cells. Yet, cholesterol and plant sterols can also enter the enterocyte by a sterol 
transporter, Niemann-Pick C1- like 1 protein (NPC1L1) (Feingold & Grunfeld, 2000). 
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Figure 1.2 | Lipoprotein composition and their relative size according to their hydrated 
density. 
A Representative image of plasma lipoproteins structure. The hydrophobic core is made up of cholesteryl 
esters (beige filament) and triglycerides (blue) while the membrane (monolayer) is formed by 
phospholipids (grey) with their polar heads facing the plasma and free cholesterol (yellow). The 
apolipoprotein (red) provides structural integrity and play a role in lipoprotein metabolism. B Lipoproteins 
are divided in five classes based on their density by ultracentrifugation and their size; chylomicrons are 
the biggest, VLDLs, intermediate-density lipoproteins (IDLs), low-density lipoproteins (LDLs), and at last 
high-density lipoproteins (HDLs) which are the smaller. Adapted from (Genest & Libby, 2012). 
Figure 1.3 | Overview of lipoprotein metabolism 
Schematic representation of the exogenous (1, 2 and 3) and endogenous pathway (4, 5, and 6) of 
lipoprotein metabolism. The process is detailed in the text. Refer to table of abbreviations for 
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 Then, the enterocyte decides if the cholesterol and plant sterols are transported back 
into the intestinal lumen, a process mediated by ATP-binding cassette sub-family G 
member 5 (ABCG5) and 8 (ABCG8) or converted into CE by the acyl-coenzyme A (CoA) 
cholesterol acyl transferase (ACAT) (Feingold & Grunfeld, 2000). There, FA undergo re-
esterification to form TG that alongside with CE are incorporated into CM and then 
released into circulation (Fig.1.3_1). In the bloodstream, the TG carried in CM are 
metabolized by lipoprotein lipase (LPL) that is attached to the luminal surface of the 
endothelial cells releasing free FA. These FA are quickly metabolized by muscle to 
produce energy or stored in adipose tissue to posterior use in the form of TG (Fig.1.3_2). 
The circulant CM remnants (CMR) are taken up by the liver by LDL receptor (LDLR) and 
other receptors such us LDLR-related protein-1 (LRP1) for degradation and reutilization 
of their constituents. (Fig.1.3_3) (Genest & Libby, 2012).  
In summary, the exogenous pathway results from an efficient transfer of dietary FA and 
cholesterol to muscle and adipose tissue for energy purposes and storage. 
As the body needs a readily available source of TG to meet energy requirements and 
food is not always available, the body enrols the endogenous lipoprotein pathway or also 
known as hepatic pathway. This pathway begins in the liver with the formation of VLDL 
(Fig.1.3_4). They are TG rich and upon reaching the muscle and adipose tissue they 
release FA by the action of LPL and begin a continuous exchange of protein and lipids 
with other particles becoming then enriched in CE. Thus, forming IDL. The remaining TG 
in the IDL are then further hydrolysed by hepatic lipase (HL) leading to the formation of 
LDL particles (Fig.1.3_5). Most of the LDL particles carry one apolipoprotein (APO) B-
100 and they carry the majority of the cholesterol that it is in circulation. They vary in size 
and are normally taken up by LDLR in numerous tissues including the liver which is the 
predominant site of uptake (Feingold & Grunfeld, 2000).  
Once there is excess of cholesterol in the cells the process called reverse cholesterol 
transport is initiated, whose main purpose is to return the lipids to the liver and eventually 
its elimination (Fig.1.3_6). For this, the liver and intestine produce the HDL particle that 
in circulation can acquire cholesterol and phospholipids that are discharged from cells. 
This process is mediated by the ATP-binding cassette A1 (ABCA1), ABCG1, scavenger 
receptor class B type I (SR-B1) or passive diffusion. Yet, this free cholesterol has to be 
esterified into CE before going to the HDL core and this step is catalysed by the enzyme 
lecithin-cholesterol acyltransferase (LCAT). Once in the liver, the cholesterol from HDL 
is transferred by the interaction of SR-B1 or indirect transfer to VLDL or LDL and smaller 
a cholesterol depleted HDL particle is formed, which is then released back into the 
circulation (Feingold & Grunfeld, 2000; Basatemur et al., 2019; Gomez & Owens, 2012).  
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1.1.2.2 Cholesterol: synthesis and regulation 
The importance of cholesterol has increased in the last century as it is associated 
with CVDs, and therefore it is crucial to understand its role in cells, how it is synthetized 
and regulated.  
Cholesterol is a steroid that can exist in the body either in the free /active form or as 
ester with a single fatty acid which is the inactive form (Fig.1.4A and 1.4B). As mentioned 
before the free cholesterol is converted to CE to facilitate transport though the body and 
two main enzymes are involved in this conversion: LCAT, which is predominantly in blood 
(mainly in HDL particles) and ACAT, which is in the endoplasmic reticulum (ER) of the 
intestinal cells.  
Cholesterol is a crucial component of cellular membranes as plays a critical role in 
membrane fluidity, modulates the functions of membrane proteins, participates in several 
membrane trafficking and transmembrane signalling processes. Moreover, it is a 
precursor to bile acids, steroid hormones and vitamin D (Ikonen, 2008; Luo et al., 2017). All 
type of cells can synthetize cholesterol, however about 80% derives from the liver 
(Malhotra et al., 2016). The majority of cholesterol (60-90%) resides in the plasma 
membrane, yet it can also be found in the Golgi apparatus and in some endocytic 
compartments (Grundy, 1983). There are two main sources of cholesterol, de novo 
synthesis which occurs in the ER and the dietary cholesterol that is absorbed via the 
internalization of LDL by the LDLRs, as described in the previous section. It has been 
estimated that the ratio of de novo cholesterol synthesis versus dietary intake for total 
body cholesterol is about ~70:30 (Lyu et al., 2019). 
 Cholesterol synthesis in the ER is a complex process that starts with the conversion 
of acetyl-CoA to 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) by HMG-CoA synthase 
and the irreversible conversion to mevalonic acid by the rate-limiting enzyme HMG-CoA 
reductase (HMG-CoAR) (Fig.1.4C) (Ikonen, 2008). Then, mevalonic acid is converted by 
several enzymatic steps to squalene, a 30-carbon linear structure followed by cyclization 
to yield lanosterol. Lanosterol is the precursor of many steroids, cholesterol being one of 
them by the removal of 3 carbons (Fig.1.4C) (Hu et al., 2010).  
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Figure 1.4 | Cholesterol forms (active and inactive) and its synthesis pathway 
A Schematic structure of cholesterol that is a sterol with a four-membered ring structure with a single 
hydroxyl group attached to one of the rings. B  chemical structure of cholesteryl ester in which the ester 
bond is form between the hydroxyl group of cholesterol and the carboxylate group of a fatty acid (R). C 
Cholesterol synthesis pathway overview and some HMG-CoA mediators. Adapted from (“Cholesterol 
Synthesis Pathway”, 2017; “Cholesterol”,n.d).  
Cholesterol levels in the ER have to be tightly regulated (<6% of total cholesterol) as 
its levels regulate the ER and ER-Golgi transport, cholesterol synthesis and metabolism 
(Lange, 1991). Briefly, in low cholesterol levels, the sterol regulatory element binding 
proteins (SREBPs) that are normally in the ER are transported and processed in the 
Golgi and then translocate into the nucleus. Once in the nucleus it switches on the 
transcription of HMG-CoAR and other sterol-regulated genes such as the LDLR (Fig.1.5).  
Figure 1.5 | Activation of sterol regulatory element binding protein (SREBP) 
In the presence of sterols, SREBP is retained inactive in the ER membrane. Once in the levels of sterols 
become low, chaperones (CP) escorts SREBP to the Golgi where is cleaved by Golgi Proteases becoming 
active. Once free, it translocates into the nucleus and activates the transcription of its target genes. 
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However, when sterols are present in the ER, they induce conformational changes 
in two chaperones that consequently trap the SREBP in the ER. This prevents its 
processing and translocation into the nucleus (Ikonen, 2008). Hence, once cholesterol is 
formed, it is transported directly to the plasma membrane or via the Golgi apparatus. 
1.1.2.2.1 Intracellular cholesterol transport 
Dietary cholesterol as mentioned in section 1.1.2.1 is initially transported from the 
gut to the liver and then delivered throughout the body in the form of lipoproteins that 
vary in size and composition. Lipoproteins that contain APOB or APOE proteins like 
chylomicrons, VLDL and LDL enters most of the cells by binding to the LDLR that is on 
the plasma membrane. They are internalized via endocytosis in a clathrin-coated 
dependent manner and are delivered to early endosomes following the endocytic 
degradative pathway (Fig. 1.6) (Ikonen, 2008).  
In late endolysosomes (LE), CE are hydrolysed by lysosomal acid lipase (LAL) and 
then free cholesterol is transported out of the LE /lysosomes by Niemann-Pick type C 
(NPC) proteins 1 and 2 (NPC1 and NPC2). Majority of the cholesterol is delivered to the 
plasma membrane via vesicular transport but once reaches its limit can also go to other 
membranes such as ER, mitochondria and recycling endosomes. In the ER, cholesterol 
can be esterified by the ACAT into a CE. Once formed accumulates in the cytoplasm in 
cytosolic lipid droplets (Fig.1.6) (Ikonen, 2008). 
Yet, not all the cholesterol can be properly distributed and its excess can be toxic 
leading to foamy cell formation and cell stiffening, which in turn can affect vascular 
integrity and cell signalling. Therefore, cells need to keep a tight balance between 
cholesterol synthesis, uptake and export, as cholesterol itself cannot be degraded in 
almost all peripheral cells. Therefore, to keep the cholesterol homeostasis, cells export 
intact cholesterol into HDL (Fig.1.6) that return to the liver for catabolism or disposal by 
the bile through a process called “reverse cholesterol transport”, which is described in 
the section 1.1.2.1. 
ABCA1 transporters are the major players of the export of cholesterol. The binding 
of lipid poor or free APOA (APO protein present in HDL) to the ABCA1 transporter 
triggers the transfer of intracellular phospholipids and cholesterol to form the HDL. How 
this is done is not yet completely understood but it has been already described that 
ABCA1 is normally localized in more fluid domains that allow a more rapid lipid 
mobilization. Additionally, a second ABC transporter called ABCG1 cooperates with 
ABCA1 by adding more lipids to the newly form HDL, that has the liver as its final 
destination (Ikonen, 2008).  
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 Figure 1.6 | Endocytic Pathway for LDL 
Schematic representation of the LDL endocytic pathway. The process is detailed in the text. Refer to table 
of abbreviations for abbreviations.  
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1.1.3 Initial step of atherogenesis 
1.1.3.1 Where it all starts: Structure of the arteries and blood flow 
The circulatory system is responsible for delivering nutrients and oxygen to all cells 
in the body and the blood has to be in constant flow. This system is composed by the 
heart and blood vessels (arteries and veins) that, in turn are constituted by 3 layers: the 
intima, media and adventitia (Fig.1.7A). The intima is the inner layer and is composed 
by a monolayer of endothelial cells (ECs) that are in direct contact with the blood flow, 
connective tissue and some vascular smooth muscle cells (VSMCs). The media consists 
of more connective tissue composed by elastin, collagen and elastic fibers and layers of 
VSMCs, with a thickness varying between 125 and 350 µm. VSMCs are responsible for 
the contraction of the vessels. At last the adventitia, which is the outer layer, consists of 
fibrous tissue and fibroblasts (figure 1.7A) (Taki et al., 2017). 
Figure 1.7 | Structure and composition of the artery wall and types of blood flow. 
A Schematic representation of the intima, media and adventitia layers that compose the artery wall and 
its constituents. B Blood flow pattern found in the arteries. In ‘‘straight’’ regions of vasculature, 
endothelial cells experience ordered and high laminar shear stress, while at or near branch points and 
vascular bifurcations, endothelial cells experience low shear stress and disturbed flow. C Schematic 
representation of prone areas in the vessels like branches, bifurcations and curvatures to develop DITs 
and atherosclerotic plaques (brown).  Adapted from (Finney et al., 2017; Hammes, 2015). 
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The blood flow due to its viscosity provokes in the endothelial surface a frictional 
force known as hemodynamic shear stress (Malek et al., 1999).  This mechanical force is 
essential for normal endothelial function that subsequently is converted into biochemical 
signals that are very important to regulate the vascular tone and structure (Davies, 2009).  
Most of the arteries have a unidirectional and laminar flow, translating into a high 
shear stress detected by the endothelial cells. Yet, in some regions as in branches, 
bifurcations or curvatures of the vessels, the blood flow pattern is disturbed and 
consequently, the shear stress is low (Fig 1.7B). Low shear stress consequently 
increases the residence time of circulating molecules at the lumen surface like 
atherogenic particles. Moreover, this continuous low hemodynamic shear stress in these 
regions promotes with time an adaptive response whereby remodelling of the artery wall 
takes place by the changing of endothelial cells morphology and gene expression and 
formation of a diffuse intimal thickening (DIT) (Stary et al, 1992). DITs comprise essentially 
VSMCs that were entrapped in the intima, proteoglycans and elastin (Nakashima et al, 
2008). In fact, VSMCs are thought to be the major source of these proteoglycans and 
elastin which is responsible for the increase in intimal thickness. No lipid deposits are 
found in DITs however, DITs are localized in atherosclerosis prone areas, so it is 
believed that they may be related (Fig.1.7C) (Nakashima et al, 2008). For instance, 
hypertensive and diabetic individuals possess thicker DITs than their respective age, 
gender and normotensive group showing that risk factors of the disease also increase 
the DIT dimensions (Wilens, 1951). Furthermore, as DITs are enriched in proteoglycans, 
the probability of LDL to interact with them, be retained in these areas and start an 
immunologic response triggered by the ECs and macrophages is higher. Once 
accumulation of lipids occurs, DITs progress into pathological intimal thickening (PITs) 
which is stated as the first step of atherosclerosis (Libby et al., 2011).  
Therefore, even though this disturbed and low shear stress is physiological in these 
regions (bifurcations and branches), atherosclerotic lesions develops predominantly in 
DITs as its characteristics facilitate the entrance of molecules in the intima and 
endothelial cells and VSMCs already present a more pro-atherogenic phenotype (in 
detail in the next sections) (Ahotupa, 2017).  
1.1.3.2 LDL retention and processing 
One of the most accepted hypothesis for the initiation of atherogenesis is the 
subendothelial retention of LDL in the arteries that was proposed by Williams and Tabas 
in the Response-to-Retention model (Williams & Tabas, 1995). It has been described that 
LDL particles can have different sizes depending on their composition. Smaller dense 
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LDL particles are more pro-atherogenic because they have lower affinity for the LDLR 
and can cross more readily the arterial wall by transcytosis than the larger ones ((Feingold 
& Grunfeld, 2000). Moreover, APOB-100 present in the LDL particles has high affinity to 
interact and bind with proteoglycans of the intima and be retained there (Borén et al., 
1998). Consequently, they start to accumulate and aggregate in the intima and become 
more prone to undergo modifications with important biological consequences (Borén & 
Williams, 2016). 
One of the most studied LDL modifications and the most broadly accepted to initiate 
atherogenesis is the LDL oxidation (Ahotupa, 2017). In support of the LDL oxidation 
hypothesis, it was described that oxidized LDL (oxLDL) can lead to foamy cell formation 
in vitro, the lipid in human lesions is substantially oxidized, there is evidence of oxLDL in 
vivo and oxLDL have a number of potentially proatherogenic effects. Besides, several 
structurally unrelated antioxidants inhibit atherosclerosis in animals (C. J. W. Brooks et al., 
1971; Carpenter et al., 1993; Keaney et al., 1995; Navab et al., 1991; Rajavashisth et al., 1990; 
Yia-Herttuala et al., 1989).  
Native LDL particles are composed normally by CE, TG, phospholipids, proteins, free 
cholesterol and antioxidants. Likewise, ½ of the LDL particle are polyunsaturated fatty 
acids (PUFAS), which the most abundant ones are linoleic acid (86%), arachidonic acid 
and docosahexaenoic acid (Hermann Esterbauer et al., 1991). Hence, oxLDL is a complex 
mixture of lipid oxidation products like oxidized CE, oxidized phospholipids, 
lysophospholipids and an APOB-100 that can also be modified (Greig et al., 2012). This 
variety of components makes it impossible to associate a specific biological response to 
a specific component of oxLDL. Nevertheless, oxidative modification of LDL, particularly 
their linoleic- and arachidonic-acid containing components, have received much 
attention in the literature. For instance, a study employing advanced mass spectrometry 
techniques identified many oxidized CE in human atherosclerotic lesions and quantified 
that, on average, 23% of cholesteryl linoleate, 16% of cholesteryl arachidonate and 12% 
of cholesteryl docosahexaenoate were oxidized (Hutchins et al., 2011a). Although only the 
PUFA chain of the CE undergoes oxidation, whereas the sterol remains unmodified, the 
oxidative breakdown of these fatty acids produces a very large number of products many 
of which are aldehydes. Some are quite hydrophilic like 4-hydroxynon-2-enal (HNE) and 
malonaldehyde, while others, designated as ω-oxoester like cholesteryl-9-
oxononanoate, still have cholesterol or derivatives of cholesterol in their structure. This 
characteristic makes them less polar and more likely to partitioned into the membranes 
(H. Esterbauer et al., 1987). However, several ω-oxoester in an oxidized environment can 
be further oxidized into hemiesters of cholesterol/Cholesteryl hemiesters.  
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Cholesteryl hemiesters have an unmodified cholesterol moiety esterified to one of 
the carboxylic acid groups of short chain aliphatic dicarboxylic acids and have been 
identified in oxLDL as their precursors have been detected in human atheromata (Kamido 
et al., 1993; Hutchins et al., 2011b). Though they are being forgotten by the scientific 
community in the context of the disease, it has been described by our group that 
cholesteryl hemiesters are increased in the plasma of cardiovascular patients compared 
to healthy individuals and we already showed that some of these compounds are pro-
atherogenic (L. M. Estronca et al., 2012; Domingues, 2018 ).  
Overall, it is of paramount importance to know the extent to each LDL’s components 
is oxidized to further study its impacts in the context of the disease and finally be able to 
state any correlation between cause and effect. 
1.1.3.3 Endothelial response, monocytes recruitment and inflammation 
ECs compose the first layer of the artery wall that it is in direct contact with the blood 
flow and is responsible for regulating vascular homeostasis and are the critical mediators 
of an inflammatory response. Any disturbance in this homeostasis may lead to 
endothelial activation and inflammation. Possible causes to ECs activation /dysfunction 
that may trigger atherogenesis are based in the type of insult to the endothelium such as 
noxious substances (e.g. oxidized lipids, constituents of cigarette smoke, 
hyperhomocystemia, hyperglycemia, etc.), altered hemodynamic forces (e.g., blood flow 
disturbances like bifurcations, curves, branches or generated by hypertension) or a 
combination of these or other factors (Gimbrone & García-Cardeña, 2016).  
Normally, ECs are subjected to a laminal shear stress and show a ellipsoidal shape 
and an axial alignment in the direction of flow. However, in the presence of disturbed 
flow ECs showed endothelial activation like cell turnover, morphological changes, 
senescence and upregulation of pro-atherogenic genes. For instances, they became 
rounded forming gaps between them that allows the entrance of substances to the intima 
(Davies et al., 1986; A. R. Brooks et al., 2002). From all the noxious substances, it is well 
established that oxLDL retention in the intima is the main cause of ECs activation in 
atherosclerosis (Valente et al., 2014). In fact, it was described that it is the laminar flow 
that confers atheroprotective features to the ECs (Pan, 2009).  
Endothelial dysfunction promotes in ECs upregulation of adhesion molecules like of 
vascular cell adhesion molecule 1 (VCAM-1) and intercellular cell adhesion molecule-1 
(ICAM-1), increased chemokine and cytokines secretion such as monocyte 
chemoattractant protein-1 (MCP-1), interleukin – 6 (IL-6) and IL-8 that would lead to 
neutrophil and monocyte adherence, increased cell permeability, enhanced LDL 
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oxidation and platelet activation (Hadi et al., 2005). Once monocytes transmigrate into the 
intima, they differentiate into macrophages and start to ingest the retained modified lipids 
by scavenger receptors (e.g.CD36, scavenger receptor class A type 1 (SR-A1), lectin-
like oxidized LDL receptor 1 (LOX1)), LRP1 by macropinocytosis and phagocytosis 
(Crucet et al., 2013; Lillis et al., 2015). Its accumulation gives rise to foamy cells filled with 
lipids. 
In general, macrophages are phagocytic cells that the main purpose is to defend the 
organism against infection. To do so, they have developed remarkable plasticity such as 
the ability to promote inflammation when needed but also to turn the inflammatory 
response off when it is no longer necessary (Tabas & Bornfeldt, 2016). Thus, they can 
assume pro and anti-inflammatory properties that have different roles in the disease. For 
instances, the classical pro-inflammatory macrophages termed M1 are the first ones to 
appear in an infection. They produce a strong inflammatory program such as IL-1β, IL-
12 and tumour necrosis factor-α (TNF-α), MCP-1, reactive oxygen species (ROS), and 
nitric oxide synthase (iNOS) that produces large quantities of nitric oxide to markedly 
promote inflammation (Tabas & Bornfeldt, 2016). However, a chronic M1 macrophage 
activation can induce tissue damage and chronic inflammation. To counterbalance such 
response, M2 macrophages appears onsite and produce anti-inflammatory cytokines like 
IL-10 and IL-4. The M2 can scavenge debris and apoptotic cells and promote tissue 
repair (Chinetti-Gbaguidi et al., 2015).  
In atherogenesis, macrophages are continually exposed to modified lipids and their 
oxidative products and to a microenvironment that is changing throughout the disease 
stimulating different macrophage phenotypes. Indeed, there is evidence that both M1 
and M2 macrophages exist within the atherosclerotic lesion and this balance in the 
beginning is very important to maintain “turned off” the deleterious effect of oxidized 
lipids. Yet, in addition to the M1 and M2 phenotype, another macrophage phenotype was 
found in atherosclerosis, resulting from exposure to oxidized lipids, called Mox 
phenotype. Mox macrophages are specialized in producing heme-oxigenase-1, an 
antioxidant enzyme, that also has anti-inflammatory, anti-apoptotic and anti-proliferative 
properties which protect against atherogenesis. However, they display low phagocytic 
and chemotactic capacities (Kadl et al., 2010). Overall, the removal and sequestration of 
oxidized lipids by the different types of macrophages in the initial stages are essential to 
minimize the effects on ECs and VSMCs (Fig.1.8). 
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Figure 1.8 | ApoB-LPs promotes ECs activation, monocytes recruitment and 
subsequent foam cell formation 
ApoB lipoproteins (apoB-LPs)/LDL enter the intima, bind to proteoglycans, forms aggregates and undergo 
various modifications. These modifications incite an inflammatory response by the ECs characterized by 
chemokine secretion (MCP-1, IL-6, IL-8…) that will recruit monocytes and promote expression of adhesion 
molecules (ICAM-1,VCAM-1). The modifications also contribute to LDL aggregation and further promote 
their retention. Once monocytes are in the intima, they differentiate into macrophages and internalize 
native and modified LDL by different receptors and mechanisms (LDLR, scavenger receptors, endocytosis, 
phagocytosis and micropinocytosis) resulting in foamy cell formation. Foamy cells can contribute further 
to, and thus increase, lipoprotein modifications and retention (dotted arrow). Adapted from (Moore & 
Tabas, 2011). 
 Later on, the failure to reduce lipid accumulation by the foam cells, to clear apoptotic 
cells, and to resolve inflammation eventually leads to macrophage accumulation within 
the vascular wall (Fig.1.8). Consequently, inflammation and continuous exposure to 
oxLDL leads to more recruitment of monocytes to the site and activation of the intima 
and medial VSMCs. 
1.1.4 Atherosclerosis in later stages 
1.1.4.1 Activation of vascular smooth muscle cells and formation of the fibrous cap 
The VSMCs are the main component of the artery medial layer and possess 
contractile properties that are responsible for regulating the vessel tone. VSMCs have a 
fusiform shape and express contractile proteins such as α-smooth muscle actin (αSMA), 
smooth muscle myosin heavy chain (SMMHC), smoothelin, and h1-calponin (Grootaert 
et al., 2018). In addition to contraction abilities, they also have secretory properties that 
are responsible for extracellular matrix (ECM) production and repair, such as elastin’s, 
collagens and proteoglycans, regulating the structure of the vessels (Gemma L. Basatemur 
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et al., 2019). VSMCs have a fully functional differentiated phenotype, yet retain 
remarkable phenotypic plasticity which they assume in response to a variety of 
environmental stimuli such as growth factors, cytokines, oxidized lipids, rupture of the 
basement membrane and others (Dandré & Owens, 2004; Pidkovka et al., 2007; Thyberg & 
Hultgårdh-Nilsson, 1994). Such phenotype switching ability, into a called “synthetic” 
phenotype, is required for vascular remodelling and injury response. Although different 
phenotypes can be found depending on the stimuli, it is widely accepted that VSMCs 
phenotypic switching is associated with a decrease of contractile gene expression and 
an increase in the synthesis of ECM-remodelling enzymes, specific ECM components, 
high rate of proliferation and migration.  
Despite being found mostly in the media layer, VSMCs can also be found in the intima 
of specific areas of the arteries called DITs, as stated before. In DITs, VSMCs exhibit 
low proliferative state, maintain a differentiated phenotype and no lipid deposits can be 
found. Yet it was described that these VSMCs already have some phenotypic modulation 
in comparison with medial VSMCs such as less expression of SMMHC markers, 
production of extracellular matrix and transforming growth factor β (TGF-β) (Aikawa et al., 
1993; Bochaton-Piallat et al., 1996; Hoshiga et al., 1995; Merrilees & Beaumont, 1993; Nakata et 
al., 1996). It is thought that the DIT VSMC population originates from medial VSMCs 
entrapment in the intima. As they present a monoclonal nature, it suggests that the 
VSMCs DIT population arose from the expansion of a DIT pre-existing clone (Murry et 
al., 1997; Schwartz, MD, PhD & Murry, MD, PhD, 1998).  
VSMCs exposed to oxLDL alongside with ECs express chemoattractants such as 
MCP-1 and adhesion molecules such as VCAM-1, ICAM-1 and fractalkine (CX3CL1) 
recruiting monocytes to the region and reinforcing the accumulation of macrophages in 
the vessel wall, as described in section 1.1.3.3 (Cushing et al., 1990). At the same time, 
progression from DIT to PIT is accompanied by intimal and medial VSMCs phenotypic 
switching which is activated by the modified lipids, ECs activation and dysfunction. It is 
characterized by decrease in VSMCs expression markers like αSMA and SMMHC, 
increase of proliferation index, migration of medial VSMCs into the intima and increase 
synthesis of ECM components (Fig.1.9). These features altogether lead to fibrous cap 
formation (Fig.1.9). 
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Figure 1.9 | Activation of VSMCs by oxLDL and fibrous cap formation 
Activation of VSMCs involves the migration of VSMCs from the media to the intima, the proliferation of 
resident intimal VSMCs and media-derived VSMCs, and the synthesis of extracellular matrix 
macromolecules such as collagen, elastin and proteoglycans. The ingestion of oxLDL particles leads to its 
accumulation and foam cell formation. Advanced plaques also contain cholesterol crystals and 
microvessels and macrophages and VSMCs can die from apoptosis. Adapted from (Libby et al., 2011). 
 
There are numerous studies on the factors that modulate VSMCs phenotypes but 
the main transcription factor responsible for VSMCs phenotypic switch is Krüppel like 
factor 4 (KLF4). KLF4 is a pluripotency transcription factor that is absent in contractile 
VSMCs and is upregulated in response to cholesterol accumulation and oxidized lipids. 
On the other hand, KLF4 upregulation leads to the downregulation of myocardin that is 
the main mediator driving the VSMCs contractile phenotype (Shankman et al., 2015). This, 
results in the downregulation of the VSMCs contractile markers such as αSMA and 
SMMHC. 
The migration of VSMCs into the subendothelial space and formation of a cap of 
fibrous tissue between the ECs and the lipid core indicates that some chemoattractants 
may be involved. Indeed, a range of cytokines and growth factors were identified in the 
plaque like platelet-derived growth factor (PDGF) that is a potent stimulator of both 
VSMCs proliferation and migration and is expressed by the ECs, macrophages and 
platelets in the plaques (Heldin et al., 1998; Ross et al., 1990; Sano et al., 2001). Of course, 
for the migration process to begin, VSMCs need to degrade the existing ECM. For this, 
VSMCs present an increase activity of proteinases such as the matrix metalloproteinase 
(MMP), cathepsin and plasminogen activator/plasmin families that will degrade the ECM 
(Adiguzel et al., 2009). 
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On the other hand, the newly produced ECM has a different composition from the 
pre-existing one. Whereas most of the ECM within normal arteries is fibrillar collage type 
I and III, the fibrous cap tends to contain mostly proteoglycans with scattered fibrillar 
collagen type I, fibronectin and collagen type VIII (Adiguzel et al., 2009). This transition can 
facilitate the accumulation of more lipids, change the architecture of the vessel and the 
proliferative rate. The newly formed fibrous collagen cap provides stability to the forming 
plaque and prevents thrombogenic material from being released into the bloodstream. 
Taking this into account, the capacity of VSMCs to keep the balance between production 
and degradation of ECM and consequently, maintain the thickness of this fibrous cap is 
essential to prevent plaque rupture and a thrombus formation. 
With the formation of the fibrous cap, neovessels also start to form from the 
adventitial vasa vasorum (Fig.1.9). They grow into the base of the plaque and provide 
an alternative entry pathway for the immune cells. As these neovessels are fragile and 
leaky, they tend to promote even further the inflammation on site (Sluimer et al., 2009; 
Kumamoto et al., 1995).  
In summary, DITs alongside with ECs dysfunction can progress into PITs and the 
major reason for this is the retention and oxidation of lipids that consequently lead to 
ECs and VSMCs activation, recruitment of macrophages, proliferation and migration of 
medial VSMCs and ultimately fibrous cap formation. 
1.1.4.2 The link between the formation of foamy cells and necrotic core 
As modified lipids begin to accumulate in the subendothelial space, the activated 
VSMCs also start to express greater levels of VLDL, LDL and scavenger receptors. This 
increase leads to accumulation of lipids in the cells promoting the formation of VSMCs 
derived foam cells (Greig et al., 2012).  
Foam cells play an important role at all stages of the disease. Some decades ago, it 
was described that macrophages were the main source of foamy cells after they 
penetrated the endothelial barrier and accumulated in the intima. However, recent 
studies have shown that VSMCs give rise to approximately 50% of the foamy cells 
present in the human plaques (Allahverdian et al., 2014). This misidentification is due to 
the capacity of VSMCs to acquire markers from other cell types, such as macrophage 
marker CD68 and galectin 3 (Mac2), and properties like phagocytic and efferocytic 
capacity (Greig et al., 2012). Other receptors described by the literature that could be 
involved in intracellular lipid accumulation are the platelet-activating factor (PAF) 
receptor, peroxisome proliferator-activator receptor (PPARs) and toll-like receptors 
(TLRs). Briefly, one of the actions of oxidized lipids on the PAF receptor is the activation 
of platelets and its aggregation and induction of VSMCs proliferation ((Gomez & Owens, 
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2012). As for the scavenger receptor, they have been implicated in the uncontrolled 
uptake of oxLDL. The most described ones are the CD36 and SR-A1 e SR-A2. As for 
PPARs and TLRs they are reported to control both pro and anti-inflammatory response 
but the first one also control lipid metabolism (Allahverdian et al., 2012). This shows that 
oxidized lipids can activate different receptors and its continuous accumulation can lead 
to a chronic response. Also, receptor-independent mechanisms including macro- and 
micropinocytosis of extracellular fluid may be involved in the uptake of oxLDL and 
induction of foamy cells formation. In addition to cholesterol uptake, VSMCs can also 
express the necessary components of the reverse cholesterol transport pathway, 
described in the section 1.1.2.2.1 such as ABCA1 and ABCG1. After initial cholesterol 
uptake, VSMCs upregulate these transporters to try to release the excess of cholesterol 
however with the continuous loading of lipids, the expression of these cholesterol 
transporters diminished reducing VSMCs ability to efflux cholesterol and enhancing the 
formation of foamy cells (Nagao et al., 2006; Rong et al., 2003).  
Once VSMCs and macrophages become foamy cells, they have a deleterious effect 
in the plaque stability and thickness. For instances VSMCs foamy cells start to express 
more MMPs that degrade the ECM and starts to show an impairment of collagen and 
fibronectin assembly (Grootaert et al., 2018). This can lead to plaque instability. 
Furthermore, foamy cells in response to cholesterol accumulation, ER stress and/or 
extrinsic signals as cytokines and oxLDL become apoptotic ((Geng et al., 1997; Jovinge et 
al., 1997).  
Apoptosis is a programmed cell death characterized by cell shrinkage, chromatin 
margination and condensation, membrane redistribution of phospholipids and budding, 
maintaining the membrane integrity (Martin et al., 1995). Normally this process leads to 
the formation of apoptotic bodies (AB) that are recognized and rapidly engulfed by 
efficient macrophages or adjacent neighbouring cells. An effective phagocytosis of ABs 
like in early lesions, leads to reduced expression of inflammatory cytokines such as TNF-
α and IL-12 and increased production of anti-inflammatory cytokines such as IL-10 and 
TGF-β. Yet with plaque development apoptotic indices increase and the capacity for 
removal of apoptotic cells may be overwhelmed and secondary necrosis of unremoved 
apoptotic cells occurs (Mallat & Tedgui, 2000). This may lead to chronic accumulation of 
cellular debris, extracellular lipids, release of inflammatory content as “danger signals” 
like damage-associated molecular patterns (DAMPs) and IL-1α from lysate cells in the 
extracellular space forming a lipid-rich pool called the necrotic core of the plaque 
(Fig.1.10). For instances, VSMCs death release pro-inflammatory cytokines including 
MCP-1 and IL-1β from the dying and surrounding VSMCs. This induces migration and 
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proliferation of adjacent VSMCs and recruits monocytes and T lymphocytes that 
accumulate in the superficial regions of the plaque. Consequently, they respond to the 
oxidized lipids and more foamy cell formation occurs (Clarke et al., 2010; Yu et al., 2011). 
Such a cascade of events enhances the necrotic core and plaque formation inducing a 
positive feedback loop of vascular inflammation. Apoptotic and adjacent live VSMCs 
release both mitogens and chemotactic factors that mediate an injury like response 
promoting neointimal formation and repopulation of VSMCs in the plaque (fig.1.10) (Yu 
et al., 2011). This balance between death and repopulation is crucial to preserve the 
stability of the plaque. 
Figure 1.10 | Necrotic core formation and thinning of the plaque 
Several processes that VSMCs undergo in advanced atherosclerotic plaques. Foam cell formation secretes 
inflammatory cytokines (IL-1β and TNF-α) that alongside with oxLDL promotes VSMCs apoptosis and 
senescence. VSMCs apoptosis promotes an injury like response that promotes medial VSMCs proliferation 
and migration as macrophage recruitment by the secretion of cytokines and chemoattractants such as 
MCP-1 and IL-6. As efferocytosis becomes defective in advanced plaques, apoptotic cells undergo necrosis 
that release cell debris, lipids and inflammatory content that will form the necrotic core. Adapted from 
(Bennett et al., 2016). 
Besides ABs, debris, ECM and necrotic core material, in the necrotic core also occurs 
calcification. The specific necrotic environment may act as a niche for microscopic 
calcium granules but as the atheroma develops, occurs formation of larger lumps and 
plates of calcium deposits (Stary, 2001). The basic mechanism that initiates the 
calcification process in the intima is unknown but conversion of VSMCs into 
osteochondrogenic like cell was demonstrated in vitro by environmental signals found in 
atherosclerotic plaques like ABs, oxLDL and pro-inflammatory cytokines TNF-α, IL-1β 
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and IL-18 (Steitz et al, 2001; Zhang et al 2017; Ceneri et al, 2017; Al-Aly et al, 2007; Proudfoot 
et al 2000; Farrokhi et al 2015). Calcifications become more common as the disease 
progresses and sometimes the necrotic core can be found fully calcified, constituting 
sometimes most of the plaque size (Fog et al., 2014). 
Thus, foamy cells formation, its apoptosis and necrosis and consequent recruitment 
of more immune cells and VSMCs are key events to the increased volume of the fibrous 
cap and, consequently, plaque stability.    
1.1.4.3 VSMC senescence and fibrous cap thinning  
Another feature in later atherosclerotic plaques is the rise of senescent VSMCs. It is 
thought that senescence in the initial stages of plaque development is beneficial as it 
counteracts the increased proliferation of VSMCs and stabilizes the plaque, but in later 
stages it has the opposite effect as it contributes to thinning of the fibrous cap and 
consequently instability of the atherosclerotic plaque.  
Senescence is defined as a protective mechanism that induces an irreversible loss 
of proliferation potential to prevent transmission of defects to the progeny or to stop 
malignant transformation (Gemma L. Basatemur et al., 2019).  It can result from a variety of 
stimulus and in atherosclerosis is likely to result from an exhaustive replicative 
senescence, which result from a telomere shortening/uncapping after a series of 
replications or stress induced premature senescence (SIPS) like DNA damage and 
oxidative stress (Dam, 1958; Matthews et al., 2006). Depending on the insult there is 
activation of a series of pathways that end with the phosphorylation of tumour protein 
p53 and upregulation of cell cycle inhibitors such as cyclin-dependent kinase inhibitors 
(CDKi) p16, p15, p21 and p27 (Muñoz-Espín & Serrano, 2014). Inhibition of CDK–cyclin 
complexes results in a stable proliferation arrest and consequently the hypo-
phosphorylation of Retinoblastoma (Rb) tumor suppressor that is crucial to confer cellular 
senescence (Chicas et al., 2010).  
Yet depending on the CDKi and the time of arrest, a reversible or irreversible cell 
cycle arrest may occur. For example, in response to DNA damage p21 is upregulated 
and initiate a transient cell cycle arrest to allow the cell to repair the damage. If the cell 
manages to repair, enters the cell cycle again. However, if there is a prolong inhibition, 
p16 is activated and the cell cycle is irreversibly arrested, which then hypophosphorilates 
the Rb (Gemma L. Basatemur et al., 2019).  
In the past, senescent VSMCs in later stages were thought to contribute to plaque 
instability only by reduction of proliferation and matrix production which ultimately led to 
weakening and thinning of the fibrous cap. However, more recently it was established 
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that senescent VSMCs can secrete a robust inflammatory response amplifying the 
necrotic core inflammatory environment and spreading senescence in a paracrine 
manner to VSMCs and ECs (Wang & Bennett, 2012). This is done by a robust IL-1α-driven 
secretory-associated senescent phenotype (SASP) that comprise multiple inflammatory 
cytokines (e.g. IL6 and IL8), chemokines (e.g. MCP-1), proteases (e.g. MMPs) and 
osteogenic factors (Fig.1.10) (Gardner et al., 2015; Liu et al., 2013).  
Besides altered expression of cell cycle regulators, senescent cells are also 
characterized by increased activity of senescence-associated β-galactosidase (βGAL). 
βGAL is a lysosomal enzyme detectable at pH 6 in cultured cells undergoing replicative 
or induced senescence and not in proliferating cells (Dimri et al., 1995). Indeed, increased 
numbers of senescent associated βGAL (SaβG)-positive VSMCs, ECs, and 
macrophages were observed in aged vessels and atherosclerotic plaques (Minamino et 
al., 2002). 
In conclusion, plaque instability in advanced stages can be derived from a reduction 
of VSMCs content and their lower collagen synthesis capacity leading to the thinning of 
the fibrous cap and SASP production. Consequently, a systemic inflammation and matrix 
degradation occurs which may likely cause plaque rupture and formation of a thrombus. 
1.1.4.4 Plaque rupture and thrombosis 
Plaque formation and increase of size with time can lead to blood flow obstruction 
but rarely this event itself is fatal. Indeed, most of the cardiovascular events as acute 
coronary syndrome, stroke and myocardial infarction occur due to the formation of a 
luminal thrombus or a sudden plaque haemorrhage (M. J. Davies, 2000). 
Thrombus is a blood clot that is formed usually by erythrocytes, platelets and a mesh 
of fibrins and in the atherosclerosis context results from the rupture or erosion of the 
plaque. Plaque rupture occurs where the cap is thinnest, which normally is the shoulder 
region, because its enrichment in foam cells and lack of VSMCs (Falk et al., 1995). Once 
it ruptures, the plaque content and environment are highly thrombogenic. The rupture 
and thrombosis are followed by healing and this process occurs repeatedly throughout 
the disease and normally is asymptomatic (Fig.1.11).  
However, repetitive cycles of healing may worsen the vascular stenosis (narrowing 
of the vessels) (Fog et al., 2014). Blood flow continues over the thrombotic site but with 
time and the increase of luminal thrombus, there is increased chance of microemboli of 
plaque material and thrombus being washed away, leading to embolization elsewhere in 
the circulatory system (Falk, 1985; Fog et al., 2014).  
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Figure 1.11 | Formation of the thrombus and healing.  
Plaque rupture and consequently formation of the thrombus and healing. Adapted from (Fog et al., 2014). 
1.1.5 Diagnosis and treatment 
Atherosclerosis is a disease that takes several years to develop however only at later 
stages of the disease it is possible to diagnoses it. This is due to the fact that throughout 
the development of the disease there is no symptoms associated to it. This is the main 
reason why so many people die of CVDs and why it is almost impossible to prevent it. 
As there are no symptoms, the cardiovascular event risk is evaluated by the known risk 
factors as hyperlipidaemia, hyperglycaemia, hypertension, smoking, LDL, HDL and 
triglycerides levels between others. However, none of them can tell if someone is going 
to develop the disease or not.  
 After the discovery of statins, potent inhibitors of cholesterol synthesis in the liver, at 
the end of the 20th century, it was expected that the number of cardiovascular events 
would decrease. Still, even though there was a reduction in CVDs mortality and 
morbidity, CVDs were still the leading cause of death worldwide in the following years up 
to now (Libby et al., 2016). Nowadays, statins are the most widely prescribed class of drugs 
for chronic use for prevention of CVDs and these treatment does not seem to have a 
serious rival from other alternatives (R., 2016). However, there are promising results in the 
last years from the use of a selective inhibitor of NPC1L1 receptor called ezetimibe and 
the use of proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors like 
evolocumab and alirocumab. Though, the implementation of various therapies has 
resulted in major clinical benefits, the need for treatment remains, as 20% of patients will 
suffer a recurrent myocardial infarction after three years of the first clinical manifestation 
independently of the therapeutics that they are prescribed. Hence, further improvement 
of treatment options is necessary (Libby et al., 2016).  
Complementary to the blood tests to look for factors that raise the risk of having 
atherosclerosis, such as high cholesterol or hyperglycaemia, other exams can be used 
for atherosclerosis diagnosis. Some of them are: 
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 Angiography – uses a dye to reveal whether plaque is blocking the arteries and
the severity of the plaque;
 Electrocardiogram – detects certain electrical patterns that can suggest whether
a cardiovascular event is likely to occur. Also can show signs of a previous or
current heart attack.
 Echocardiography – provides information about the size, shape and function of
the heart as it also can detect areas of poor blood flow and if the heart muscle is
contracting normally. Moreover, can indicate previous areas of poor blood flow.
 Computed Tomography Scan (CTs) – this test can often show hardening and
narrowing of large arteries (Atherosclerosis: Symptoms, Causes, Diagnosis, and
Treatment, n.d.).
Regardless, none of these tools can be used in early stages of the disease as they will 
not be able to detect early stages of the plaque formation. Therefore, it is of the most 
importance to develop tools and exams that can detect early stages of the atheroma 
formation. 
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1.2 Lysosomes and their implications in atherosclerosis 
In early stages of atherosclerosis, sterols are found mainly within lipid droplets 
in the cell cytoplasm. However, as the atheroma develops, substantial amounts 
of sterols start to be found in the lysosomes of the foam cells becoming enlarged 
and lipid enriched (de Duve et al., 1955). As lysosomal storages diseases are 
considered any disorder that leads to the accumulation of molecules that normally 
are degraded in the lysosome, advanced atherosclerotic foamy cells can be 
considered as an acquired lysosomal storage disease (Karageorgos et al., 1997). 
 
1.2.1 The Lysosome: cellular “do it all” 
Discovered in the mid-1950s by Christian de Duve, lysosomes are membrane-bound 
organelles containing over 50 hydrolytic enzymes that can break down biological 
molecules such as proteins, lipids, nucleic acids and polysaccharides (Karageorgos et al., 
1997). Each mammalian cell contains between 50 and 1000 lysosomes distributed 
throughout the cytoplasm. The lysosomes are heterogeneous in size (100 to 500 nm in 
diameter), morphology, and distribution. Once formed, mature lysosomes start to 
degrade extracellular or intracellular material. Hydrolases are only active at acidic pH 
around 5. To keep the lumen of lysosomes acidic, lysosomes constantly need to maintain 
the concentration of H+ ions (protons). This is accomplished by proton pumps in the 
lysosomal membrane, namely v-type vacuolar H+ ATPase (vATPase), which actively 
transports protons into the lysosome using metabolic energy in the form of ATP. Tanking 
this into account, lysosomal membrane has to ensure that the lysosomal acidic 
environment is separate from the rest of the cell and that not degrade its own proteins. 
To prevent this, lysosomal membrane is surrounded by a thick glycocalyx, derived from 
the highly glycosylated luminal domains of transmembrane proteins such lysosomal 
associated membrane protein (LAMPs) and lysosomal integral membrane protein 
(LIMPs) (Schulze et al., 2009). 
They are ubiquitous organelles that receive their substrates through endocytosis, 
phagocytosis or autophagy. Due to their content and being the end of the endocytic 
pathway, lysosomes were considered for a very long time as cellular garbage disposals. 
However, in the last years lysosomes are being recognized as advanced organelles with 
broader functions like nutrient sensing, immune response, gene regulation, plasma 
membrane repair, cell signalling and cell death. Due to its multiple functions, lysosomes 
are quite diverse and dynamic as they can vary in pH, number, size and localization (Xu 
& Ren, 2015).  
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Mutations in genes encoding lysosomal enzymes or proteins related to lysosomal 
fusion and maturation processes can result in a lysosomal storage disorder (LSD) that 
is characterized by failure to clear potential toxic cellular waste, inflammation, apoptosis 
and dysregulation of cellular signalling. Thus, the understanding of the pathways that 
regulate lysosomal biogenesis and its function is very important to latter understand and 
potentially counteract the defect or impairment in the lysosomal human diseases.  
1.2.1.1 Endocytic pathway and Lysosomal Biogenesis 
Lysosomes are constantly changing their morphology, composition and position and 
their biogenesis is a combination/coordination of the endocytic pathway with the de novo 
lysosome formation. 
 Endocytosis is the general term for internalization of cargo like fluid, 
macromolecules, plasma membrane components and particles by the invagination of the 
plasma membrane and the formation of vesicles through membrane fission. Its objective 
is to collect internalized cargoes, sort, and distribute them to their final destination 
(Huotari & Helenius, 2011). Mechanistically, the internalization of cargo can be very specific 
as it requires mechanisms of selection at the cell surface. Depending on the type of 
cargo, its internalization is divided in four categories: clathrin-dependent endocytosis, 
clathrin- independent endocytosis, pinocytosis and phagocytosis. 
The newly vesicles formed from endocytosis undergo multiple rounds of homotypic 
fusion (between themselves) to form the early endosomes (EEs). Once formed, the EE 
determine if the cargo is recycled back to the plasma membrane or directed to the 
lysosome for degradation (Fig.1.12). Of the cargo internalized by ongoing endocytosis, 
the majority is recycled back to the plasma membrane via EEs and only a very restricted 
cargo follows the endocytic pathway into lysosomes to be degraded ((Huotari & Helenius, 
2011; Steinman et al., 1983). EE is a tubulo-vesicular network with a pH of 5.9–6.0 that 
contains specific resident proteins, including Early Endosome Associated Protein (EEA)-
1, small GTPase Rab5 and Rabaptin-5 (Huizing et al., 2008). EE is in continuous exchange 
of incoming and outgoing membranes, exchange content through vesicular transport 
carriers, tubular connections, and kiss-and-run fusion events. 
 When the cargo is selected to go to the lysosomes, EE goes through a maturation 
process that consists of a range of endosomal intermediates that are distinguished by 
their content and morphology like decreased pH, altered key phosphatidylinositol 
phospholipids (PIPs) and differential recruitment and activation of Rab-family GTPases 
giving rise to the late endosomes (LE). This results from EE continuous communication 
with the Trans Golgi Network (TGN) which is responsible for delivering lysosomal 
components, removing endosomal components and changing their PIPs composition, 
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Rab family GTPases and membrane proteins. LE are more acidic, with pH around 5–
6.0, contain whorls of membranes and vesicles, include multivesicular bodies (MVBs) 
and specific LE markers as Rab7 and lysobisphosphatidic acid (LBPA) (Huizing et al., 
2008). LE also become enriched with LAMP1, LAMP2 and LIMP-2. On the other hand, 
most of the luminal lysosomal hydrolases are carried by mannose-6-phosphate 
receptors (M6PRs) from TGN to the EEs and as they become more acidic the lysosomal 
hydrolases are release to the lumen and the M6PRs recycle back to the TGN. In the end 
LE fuse with lysosomes, which lack multivesicular structures and M6PRs and have a pH 
of 4.5–5 (Huizing et al., 2008). As LEs transport new lysosomal hydrolases and membrane 
proteins to lysosomes for the maintenance and amplification of the degradative 
compartment, lysosomes depend on the influx of new components, because without 
incoming endosomal traffic, they lose their specific structure, acidity and perinuclear 
localization (Fig1.12) (Bucci et al., 2000). 
Figure 1.12 | Overview of the endocytic Pathway 
The endocytic pathway consists of distinct membrane compartments. It starts with the internalization of 
cargo from the plasma membrane that form endocytic vesicles called EE. EE decide if the cargo is recycled 
back to the surface as recycling endosomes or sorted to degradation. As the endosomes are moving 
towards the perinuclear region along microtubules (MT), EE go through a maturation process that in 
contact with the TGN form the LE. LE undergo homotypic fusion which lead them to grow in size and 
acquire more intraluminal vesicles (ILVs). The fusion of a LE with a lysosome generates a transient hybrid 
organelle, the endolysosome, in which active degradation takes place. In the end, the endolysosome is 
converted to a classical dense lysosome, which constitutes a storage organelle for lysosomal hydrolases 
and membrane components. Extract from (Huotari & Helenius, 2011). 
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For cargo to go from EE to the lysosomes it is necessary to have an efficient budding, 
docking and fusion system through all the endocytic pathway. Budding is mainly 
mediated by coat components, the major coat proteins being COPI (coatomer), COPII 
and clathrin. These proteins generate highly curved membrane regions where the 
recruitment of cargo, adaptor proteins and SNAREs (Soluble N-ethylmaleimide-sensitive 
factor Association protein Receptors) occurs. As for docking and fusion several 
components have been identify but the most studied are Rab GTPases and SNARES. 
Literature suggests that Rab GTPases recruit tethering and docking factors to create a 
firm bond between the membranes that are going to fuse, after which SNAREs are 
recruit. Normally vesicles transport monomeric v-SNAREs that will assemble with the 
oligomeric SNARE of the target membrane – t-SNAREs, promoting then fusion between 
membranes and cargo transfer from the vesicle to the target (Huizing et al., 2008; Bucci et 
al., 2000; Pfeffer, 1999). Besides, cytosolic proteins and SNARES complexes, also Ca2+ is 
necessary for the fusion of the vesicle membranes to occur (Pryor et al., 2000). 
Interestingly, it has been described that heterotypic fusion uses a different SNARE 
complex machinery from homotypic fusion. As heterotypic fusion of LE with lysosomes 
comprises syntaxin 7, Vti1b, syntaxin 8, and VAMP7 (vesicle-associated membrane 
protein 7), homotypic fusion between LE changes VAMP7 with VAMP8 (Pryor et al., 2004). 
At the end of the endocytic pathway, the fusion of LE with lysosomes form 
endolysosomes and the degradation of the cargo occurs. Afterwards, the 
endolysosomes have to be converted into lysosomes and LE again or both organelles 
would be consumed. This recovery occurs by the retrieval of endosomal membrane 
proteins and the condensation of lysosomes content which requires acidification of 
lysosomes by the v-ATPase and the microtubule (MT) organization (Hirota et al., 2004). 
1.2.1.2 Transcriptional control of lysosomal pathways 
Lysosomal capacity for the breakdown of cargo like proteins, polysaccharides and 
complex lipids into building blocks, which can then be recycled, is crucial for the 
regulation of nutrient homeostasis. Yet, only in recent years the view that lysosomes 
have other functions than being the degradation center has arisen. This is due to the 
discovery that lysosomal biogenesis and function is controlled by a major transcriptional 
regulation machinery designated mechanistic/mammalian target of rapamycin (mTOR) 
signalling pathway (Puertollano, 2014). 
 mTOR is a conserved serine/threonine kinase that integrates both intracellular and 
extracellular signals that regulates cell growth, cell division and metabolism in response 
to energy levels, growth signals, and nutrients. It interacts with several proteins that will 
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form two distinct multiprotein signalling complexes, known as mTOR Complex 1 
(mTORC1) and mTOR Complex 2 (mTORC2) (Rabanal-Ruiz & Korolchuk, 2018). As 
mTORC1 is considered the master regulator of cell growth and metabolism, it becomes 
clear that it requires a tight control to maintain the cellular homeostasis as it directly 
coordinates protein synthesis, nucleotide biosynthesis, autophagy, mitochondrial 
metabolism and biogenesis and lipogenesis (Ben-Sahra et al., 2013; Chen et al., 2008; 
Hosokawa et al., 2009; Lamming & Sabatini, 2013; Ma & Blenis, 2009; Ricoult & Manning, 2013; 
Schieke et al., 2006). mTORC1 acts through phosphorylation of key proteins such as 
ribosomal protein S6 kinase (S6K), the eukaryotic translation initiation factor 4E-binding 
protein 1 (4E-BP1) and unc-51-like autophagy activating kinase 1 (ULK1).  
Meanwhile, mTORC1 activity also inhibits lysosomal biogenesis via phosphorylation 
of microphthalamia-associated transcription factors (MiTF/TFE). As the mTORC1 
activation requires its recruitment to the lysosomal membrane and mTORC1 itself 
controls lysosomal biogenesis, lysosomes are considered major signal sensors and 
regulators of the cell.  
The MiTF/TFE family is formed by four transcription factors: Microphthalmia-
associated transcription factor (MITF), transcription factor EB (TFEB), transcription factor 
E3 (TFE3), and transcription factor EC (TFEC); all of which were identified as regulators 
of lysosomal biogenesis, function and metabolism (Slade & Pulinilkunnil, 2017). 
Structurally, they are constituted by a double helix leucine zipper motif, a transactivating 
zone and a domain responsible for DNA contact and binding. Also, this family targets a 
consensus DNA sequence of 10 or more base pair motifs (GTCACGTGAC) that is 
present in the promoters of several lysosomal genes termed as CLEAR (Coordinated 
Lysosomal Expression and Regulation) motifs (Sardiello et al., 2009; Slade & Pulinilkunnil, 
2017).  
Recent work has shown that TFEB plays a crucial role in the regulation of basic 
cellular processes, such as lysosomal biogenesis and autophagy. Described as a master 
regulator of lysosomal biogenesis, it has been shown that its overexpression is sufficient 
to induce expression of lysosomal proteins (Sardiello et al., 2009). TFEB targets genes that 
contain CLEAR elements including lysosomal acidification and degradation enzymes 
along with exocytosis, endocytosis, phagocytosis and lipid metabolism genes (Palmieri et 
al., 2011; Settembre, de Cegli, et al., 2013). Moreover, TFEB is involved in the upregulation 
of critical regulators of the autophagic process, which go from proteins necessary for 
autophagosome formation to proteins required for fusion between autophagosomes 
(Settembre et al., 2011). More recently, TFE3 and MITF have also been described to have 
a role in the transcriptional regulation of the autophagy-lysosome pathway (José A. Martina 
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et al., 2014; Jose A. Martina & Puertollano, 2013). Interestingly, there is evidence that TFEB, 
TFE3 and MITF also contribute to mTORC1 reactivation and therefore their own 
inhibition (José A. Martina et al., 2014; T. Zhang et al., 2015). 
Apart from mTORC1, other four serine/threonine kinases have been identified to 
phosphorylate TFEB: mitogen-activated protein kinase 1 (MAPK1), protein kinase B 
(PKB or Akt), glycogen synthase kinase 3β (GSK3β) and mitogen-activated protein 
kinase kinase kinase kinase 3 (MAP4K3) (Hsu et al., 2018; Y. Li et al., 2016; Palmieri et al., 
2017; Settembre et al., 2011). This regulation allows lysosomes to adapt its response to 
cues from the cell like cellular signalling, nutrient status and lysosome stress and 
highlighting the direct connection between three major pathways: lysosomal function, 
autophagy and metabolism. 
1.2.1.3 Lysosomes structure, position and function 
As lysosomes are the specialized degradative organelle of the cell, it is important that 
their membranes have a way to export all the degraded material. This is accomplished 
by the presence of catabolic transporters in the lysosomal membrane that are 
responsible for the transport of metabolites, ions and soluble substrates in and out of 
lysosomes (Fig.1.13). Particularly, one important transporter in the lysosomes is the 
NPC1 that exports free cholesterol to the ER. It is important due to the incapacity of 
lysosomal hydrolases to degrade cholesterol which its presence can influence the 
metabolism/activity of hydrolases such as glycosidases (Schulze et al., 2009). So to 
prevent this, NPC2 which is a luminal protein, shuttles cholesterol through the lysosomal 
lumen and delivers to NPC1 that export to the ER. 
The lysosomal membrane is also involved in the fusion of lysosomes with other 
cellular structures, such as LE, autophagosomes and the plasma membrane. But, for the 
fusion to occur not only a specific set of SNARES and Rab GTPases is needed, as 
mention before, but also the release of lysosomal Ca2+. Three main types of Ca2+
channels have been found in the lysosomal membrane: transient receptor potential 
cation channels of the mucolipin family (TRPML), two-pore channels (TPC) and the 
trimeric Ca2+ two transmembrane channel (P2X4) (P. Li et al., 2019; Morgan et al., 2011). 
However, the best characterized Ca2+ channel is the TRPML1 which is also known as 
mucolipin 1. Mucolipin 1 is known for playing a role in several processes such as 
lysosomal exocytosis and plasma membrane repair, autophagosome–lysosome fusion, 
endosome–lysosome fusion, lysosome size and lysosome recovery (Cao et al., 2017; 
Cheng et al., 2010; A. Miller et al., 2015; Reddy et al., 2001). Besides fusion, Ca2+ homeostasis 
is also important for lysosomal acidification (Mindell, 2012). 
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Regarding lipid composition, comparing to the other endocytic players and plasma 
membrane, lysosomal membranes are very poor in cholesterol and enriched with 
negatively charged bis(monoacylglycero) phosphate (BMPs). They also contain smaller 
amounts of other anionic lipids like phosphatidylinositol and dolichol phosphate (Möbius 
et al., 2003; Schulze et al., 2009). Low concentration of cholesterol facilitates the transbilayer 
movement as cholesterol levels are associated with membrane rigidity. 
Figure 1.13 | Lysosomal properties overview 
The lysosome is formed by a specific set of luminal, integral-membrane and peripherally associated 
proteins. The lumen is enriched with acid hydrolases, that degrade different substrates, enzyme 
activators, protective factors that aid the degradation process and protein transporters such as NPC2. The 
limiting membrane of lysosomes is comprised by more than 200 integral membrane proteins, including a 
proton-importing V-type ATPase that maintains the acidic pH of the lumen (4.5-5), ion transporters and 
channels that regulate the luminal ion composition, multiple other transporters that export the products 
of degradation to the cytoplasm, a set of highly-glycosylated LAMPs that protect the membrane from 
degradation by the lysosomal hydrolases, and tethering factors and SNARE proteins that promote contact 
and fusion, respectively, of lysosomes with other cytoplasmic organelles. Finally, the cytosolic face of the 
lysosomal membrane serves as a platform for numerous proteins and protein complexes that mediate 
nutrient and stress signalling, as well as interactions with the cytoskeleton (Pu et al., 2016). Extracted from 
(Ballabio & Bonifacino, 2020). 
Lysosomes are highly dynamic, motile and broadly dispersed all over the cytoplasm. 
In non-polarized cells, most of the lysosomes are concentrated in the perinuclear region 
surrounding the microtubule-organizing center (MTOC) and only a small group is near 
the periphery of cells (Cabukusta & Neefjes, 2018). Their subcellular localization is 
determined by the balance between Rab7 and ADP-ribosylation factor-like 8B (Arl8b) 
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(more peripheral lysosomes have reduced Rab7 density) and their mobilization is done 
by microtubule-based transport via kinesins (anterograde transport) and dyneins 
(retrograde transport) (Johnson et al., 2016). Due to their position, lysosomes can have 
different functions and characteristics. Peripheral lysosomes are shown to participate in 
plasma membrane repair, exocytosis of degraded material and indicate nutrient 
availability by activating the mTORC1 ((Blott & Griffiths, 2002; Encarnação et al., 2016; 
Korolchuk et al., 2011). In contrast, perinuclear lysosomes fuse with autophagosomes to 
generate autolysosomes (Nakamura & Yoshimori, 2017). Additionally, it has been described 
that peripheral lysosomes are less acidic than juxtanuclear ones which could derive from 
limited access to newly material exported by the biosynthetic pathway or reduced v-
ATPase activity (Johnson et al., 2016). So, in starving conditions, it is expected a decrease 
in mTORC1 activity is expected and consequently, retrograde transport of lysosomes to 
the perinuclear region to facilitate fusion with autophagosomes (Korolchuk et al., 2011). In 
conclusion, lysosomal functions can be divided into three main processes: degradation, 
signalling and secretion. 
1.2.1.4 Lysosomal Disorders 
The knowledge of lysosomal function and which processes are involved facilitates 
the understanding of how any disturbance of its function can lead to disease. Up to date, 
more than 50 genetically distinct types of LSDs have been identified. While each disease 
is highly rare, LSDs as a group have a high incidence in the population — estimation 
suggest  that 1 in 5000 live births is affected by one of the LSDs (Boustany, 2013). In fact, 
lysosomal dysfunction has been associated with several other human diseases such as 
neurodegenerative diseases, cancer and metabolic disorders. Also, the decline of 
lysosomal function and progressive accumulation of intracellular material with age can 
be behind many age-related diseases (Ballabio & Bonifacino, 2020). 
In LSDs, lysosomal dysfunction derives from mutations in lysosomal genes encoding 
for lysosomal proteins that will impair lysosomal function and/or trafficking such as 
transporters, enzymes, channels that would lead to accumulation of molecules in the 
lysosomes. Initially LSD were classified accordingly to the type of substrate accumulated 
in the lysosomes as in sphingolipidoses, mucopolysaccharidoses and 
oligosaccharidoses (Ballabio & Gieselmann, 2009). However, this concept had to be 
expanded to include diseases that exhibit defects in cellular storage, synthetic enzymes 
(e.g. GM3 synthase), lysosome membrane or other membrane proteins (e.g. LAMPs) 
and trafficking (e.g. NPC1) mutations (Boustany, 2013).  
The first feature of LSD is the progressive accumulation of material that leads to 
enlarged (>1000 nm) dysfunctional lysosomes (Xu & Ren, 2015). As the material does not 
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leave the lysosome, the cell acts as during starvation. This could lead to an increase of 
lysosomal biogenesis and autophagy and help the cell to survive for longer periods of 
time. Indeed, it has been described that LSDs show an increased activity of lysosomal 
enzymes and lysosome biogenesis as a compensatory mechanism ((Karageorgos et al., 
1997). Moreover, due to mTORC1 regulation of both lysosomal and autophagic 
processes there are also several studies suggesting that regulating mTORC1 levels 
ameliorates the LSD effects (Brown et al., 2019; Lim et al., 2017). Upon long periods of time, 
the cell starts to show impaired lipid trafficking and signalling that will culminate in 
deregulated autophagy, as autophagosomes are not able to fuse with lysosomes 
(Ballabio & Gieselmann, 2009). This is due to abnormal levels of cholesterol or other 
components in the lysosomal membrane and consequent sorting and recycling of 
SNARES proteins (Fraldi et al., 2010). This blockage of autophagy leads to secondary 
accumulation of toxic molecules such as poly-ubiquitinated proteins and dysfunctional 
mitochondria that will induce inflammation and other undesirable outcomes like 
apoptosis and cell death (Settembre et al., 2007).  
Current therapeutic strategies for LSDs are being developed to either restore or 
replace the activity of defective lysosomal enzymes or proteins. However, these 
strategies are limited since it is very difficult to deliver such therapies to the target sites 
(Settembre et al., 2013). 
1.2.2 Lysosomes as key organelles in atherosclerosis 
In atherosclerosis, foamy cells present enriched lipid-swollen lysosomes. This is the 
first signal that foamy cells have a defect in the lipid clearance and possible lysosomal 
dysfunction. The first link between dysfunctional lysosomes and atherosclerosis was 
suggested in the mid-1960 by De Duve, in VSMC of cholesterol-fed rabbits (de Duve, 
1974). However, in contrast to LSDs, lysosome dysfunction in the atherosclerosis context 
seems to derive from an imbalance in the cell homeostasis or metabolism. 
Cells can accumulate lipids in two different intracellular organelles: the lysosome and 
lipid droplets. In the early stages of the disease CE storage occurs mainly in the cytosol 
which indicates that at this stage lysosomes sterol hydrolysis and clearance is efficient 
(W. G. Jerome & Lewis, 1985). However, in advanced stages of the disease it appears that 
cells exhibit CE and FC accumulation in lysosomes, suggesting a failure at lysosomal 
level and a possible role in the worsening of the disease (W. G. Jerome & Lewis, 1985; B. F. 
Miller & Kothari, 1969). Indeed, It is suggested that lipid accumulation in the lysosomes in 
atherosclerosis context seems to be the turning point of the disease as inhibiting the lipid 
droplet formation by ACAT inhibition and normalizing cholesterol plasma levels do not 
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lead to lysosomal recovery and prevent the formation of advanced plaques (W. Gray 
Jerome & Lewis, 1990; Nissen et al., 2006). Moreover, other study showed that CE and FC 
stay trapped in the lysosomes even in the presence of efficient FC acceptors (Yancey & 
Gray Jerome, 2001). 
Besides lysosomal sterol accumulation, several lysosomal enzymes appear to be 
altered in atherosclerosis such as LAL, Cathepsin D and sphingomyelinase. This 
suggests a secondary effect of the sterol accumulation in the lysosomes. Remarkably, 
exogenous administration of LAL to mice appears to reduce atherosclerotic plaques 
which highlights the potential role of lysosomes in the development of the disease (Du et 
al., 2004). 
1.2.2.1 Cholesterol partition into the membranes 
FC is highly insoluble in aqueous environments like the lysosomal lumen and is not 
able to diffuse. Due to its insolubility, the lysosome uses the NPC1/ NPC2 system to 
move cholesterol from the lysosomes (Infante et al., 2008). Another mechanism to clear 
the FC from the lysosomes when in excess is its capacity to partition into the lysosome 
membrane. Lipids in membranes are organized in functional microdomains that 
modulate the membrane and transmembrane proteins function and metabolism 
(Lingwood & Simons, 2010). Changes in the distribution of cholesterol in the membranes 
can alter these functions as its biophysical properties (rigidity and curvature) (Mukherjee 
& Maxfield, 2000). Indeed, alteration in cholesterol content can disturb vesicle formation 
in the endocytic pathway and induce intracellular signals which suggests that FC in the 
lysosomal membrane could affect lysosomal membrane function (Pichler & Riezman, 2004; 
Qin et al., 2006).  
It was shown that in fact FC generated from modify LDL and its partition into the 
lysosomal membrane leads to the increase of lysosomal pH by the inhibition of the v-
ATPase in the lysosomal membrane (Cox et al., 2007). Consequently, this provokes the 
inhibition of the hydrolases activity and accumulation of their substrates. This could 
explain the CE accumulation found in later stages of the disease and suggests that the 
cholesterol bipartition may be the critical event. Yet, it is not clear how the initial 
accumulation of cholesterol in the membrane happens but it is suggested that the rate 
of its delivery to the lysosomes can influence its clearance route. Besides v-ATPase 
activity, other major determinant of lysosomal pH is the permeability of the lysosomal 
membrane that seems to be altered in atherosclerosis. It seems that sterol oxidation and 
cholesterol crystals, that occurs in atherosclerosis, induces membrane leakiness 
(Emanuel et al., 2014; Yuan et al., 1997). In the case of oxysterols, increase permeability 
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leads to apoptosis which can be detected in advanced stages of the atherosclerotic 
plaque (Yuan et al., 1997). 
Although there are probably several reasons that lead to lysosomal dysfunction by 
cholesterol, this data suggests that in atherosclerosis unregulated uptake of oxidized 
particles containing CE, like LDL and VLDL, lead to an abnormal accumulation of FC in 
the lysosomes and, consequently alteration of its degradative and signalling function. 
Also, there is emerging literature indicating that lysosomes play a critical role in lipid 
metabolism and inflammatory signalling (Settembre et al., 2013; Wei et al., 2015; Thelen & 
Zoncu, 2017).  
In conclusion, dissecting the role of lysosomes in the cells involved in the atherogenesis 
in its initial stages is crucial to understand disease development to afterwards develop 
the right therapies to prevent the worsening of the disease.  
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1.3 AIM OF THIS WORK 
The molecular aetiology involved in development of atherosclerosis remains to be 
clarified. Our group has identified a family of oxidized lipids called cholesteryl hemiesters 
(ChE), that are expected to be the oxidation end-products of CE, as mention in the 
section 1.1.3.2, and they have been forgotten by the literature. ChE under physiological 
conditions present a negative charge that increases their potential to partition into the 
aqueous phase while the cholesteryl moiety favours their partitioning into the lipid phase. 
When formed in oxLDL, they may be expected to accumulate at the polar surface of the 
LDL particles, to which they would confer a negative surface charge, and rapidly partition 
via passive diffusion and trans-membrane translocation into all membranes and the 
cytosol of neighbouring cells or cells that have internalized oxLDL (Allahverdian et al., 
2018). Taking this into account, they are expected to be found in the atheroma 
environment. 
As a proof of concept, our group has already shown that macrophages when exposed 
to some of these ChE (e.g. cholesteryl hemissucinate), acquire a pro-atherogenic 
phenotype exhibiting enlarged dysfunctional lysosomes full of undigested lipids, 
(Estronca, L. M. et al., 2012; Domingues et al., 2017). 
 Moreover, we have described that this family of lipids exist in higher levels in CVDs 
patients than in healthy individuals suggesting that these molecules can be useful in the 
future as biomarkers of the disease (Domingues, 2018). 
In this thesis we will focus in one of the most prevalent cholestetyl hemiester found 
in the plasma of cardiovascular patients which is the cholesteryl hemiazelate (ChA, 
cholesteryl-O-(8-carboxyoctanoyl)) (Fig.1.14).  
Figure 1.14 | Chemical structure of cholesteryl hemiazelate (ChA) 
Cholesteryl hemiester of a short (C9) chain dicarboxylic acid. Adapted from (Domingues, 2018). 
Our group has already shown that ChA alone is an inducer of lysosomal dysfunction 
in macrophages and zebrafish larvae and induces a pro-inflammatory cytokine 
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production (Domingues, 2018). Therefore, our goal is to study the effect of ChA towards 
VSMCs, as they are crucial for the atherogenesis development and plaque stability, to 
better characterize these lipids in the aetiology of atherosclerosis.  
Through in vitro techniques, we aimed to define the biological activity of ChA towards 
a murine VSMC cell line. In the first part, our studies were focused on the effect of ChA 
on lysosomal function and morphology and on the second part, on the impact of 
lysosomal changes on some VSMCs features described to occur in atherogenesis such 
as cell death, migration, proliferation and senescence. 
Thus, in the end of this work, we aim to demonstrate that ChA is sufficient to induce 
atherosclerotic changes in VSMCs, in part due to its effect on lysosomes, and thus 
contributing to the development of this very important pathology. 
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2.1 Reagents 
All chemical reagents were of analytical grade or higher are purchased from Sigma-
Aldrich unless otherwise specified. 
2.1.1 Primary antibodies 
Primary antibodies used in section 2.2.4: anti-LAMP1 and anti-LAMP2 (1:500; 
Hybridoma Bank, 1D4B and ABL-93), anti-EEA-1 (1:50; Santa Cruz, SC-6415), anti-
cathepsin D (1:100; SICGEN, AB0043-200), anti-MITF (1:50; Tebu-bio, B0512), anti-
TFEB (1:50; Tebu-bio, C10428), anti-TFE3, anti-p53 (1:50; SICGEN, AB0154-200), anti-
SQSTM1 (1:50; Abgent, AP2183B); anti-Phospho-Histone H2A.X (1:500; Cell Signaling 
Technology, 20E3 #9718). 
Primary antibodies used in section 2.2.8: anti-LAMP1 (Hybridoma Bank, 1D4B), anti-LC-
3 (Sigma, L8918), anti-p62 (Abnova, H00008878-M0), anti-calnexin (SICGEN, AB0037), 
anti-cathepsin D (SICGEN, AB0043), anti-cathepsin B (R&D, AF965), anti-P21 (Santa 
Cruz Biotechnology, sc-397); anti-mTOR (Cell Signaling Technology, 2983S), anti-
phosphor-mTOR (Cell Signaling Technology, 5536S), anti-S6 (Cell Signaling 
Technology, 2217S), anti-phospho-S6 (Cell Signaling Technology, 4858S) anti-GAPDH 
(SICGEN, AB0049) anti-TFEB (Tebu-bio, C10428) , anti-phospho-TFEB (Millipore, 
ABE1971-I) anti-p16-INK4A (Proteintech, 10883-1-AP); anti-Caveolin-1 (ABCAM, 
ab2910); Tubulin (Hybridoma Bank, E7). 
2.2. Methods 
2.2.1 Preparation of liposomes 
Lipid aqueous solution was prepared by mixing POPC (1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine, Avanti Polar Lipids) and ChA (synthesized by our collaborators in 
Coimbra University) or cholesterol at 35:65 molar ratio, respectively in an azeotropic 
mixture of chloroform and methanol and then incubated for 30 min. The solvent was 
evaporated using a rotary evaporator and dried during 30 min in a 65°C water bath. The 
lipid film was hydrated with a buffer solution 20 mM Hepes, 0.11 M NaCl, 1 mM EDTA, 
pH 7.4 in a water bath at 65°C for at least 1h. The samples were submitted to mild 
sonication for 5 min and extruded through a polycarbonate filters (Nucleopore, 24 
catalogue WHA110407) with a pore diameter of 0.4 μm, this process was repeated at 
least 6 times. During the extrusion the water-jacketed extruder (Lipex Biomembranes, 
Vancouver, British Columbia, Canada) was maintained at 65°C. To determine ChA and 
cholesterol concentration we used the Libermann-Burchard protocol (Huang et al., 1961).  
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2.2.2 Cell culture 
Murine aorta smooth muscle cells (MOVAS, CRL-2797™, ATCC) were grown in 
Dulbecco modified Eagle medium (DMEM GlutaMAX, Gibco Inc) supplemented with 
10% heat inactivated fetal bovine serum (FBS, Gibco Inc), 1 mM of Pyruvate (Gibco Inc) 
and 0.2 mg/ml G-418, and passaged 2 to 3 times before use in assays. Cells were grown 
in a humidified incubator at 37°C under 5 % CO2. 
After 24 h of seeding, VSMCs were incubated with ChA:POPC (65:35, molar ration, ChA) 
or POPC liposomes, as control, for up to 72 h, as indicated in the figure legends. The 
concentrations used in most of the experiments were 1500 µM ChA and 807.69 µM 
POPC (concentrations present in ChA liposomes). Otherwise, is indicated in the figures 
legends. 
2.2.3 Lipid fluidity measurements 
Plasma membrane fluidity was evaluated by fluorescence anisotropy measurements. 
VSMCs treated with POPC or ChA were trypsinized for 5 min and then centrifuged for 
10 min at 1620×g in a Sorvall TC6 centrifuge (Du Pont, Bad Naughem, Germany). Cell 
pellet was re-suspended (~8.3×105 cells/mL) in phosphate buffer 155 mM, pH 7.4. 
Membrane fluidity was assessed using two lipophilic fluorescence probes: 1,6-
diphenylhexatriene (DPH) and DPH trimethylamino derivative (TMA-DPH), both 
dissolved in DMSO. These probes were used to quantify membrane fluidity and indicate 
if the membrane has more ordered shallow regions on the membrane bilayer. Cells were 
incubated in the presence of 10 µM (final concentration) of the fluorescent probes, for 30 
min, at 37ºC, protected from light. Fluorescence anisotropy (r) was calculated by the 
following equation: 
𝑟 =  
𝐼 − 𝐺𝐼
𝐼 + 2𝐺𝐼
where IVV and IVH are fluorescence intensities and the subscripts indicate the vertical 
(V) or horizontal (H) orientations of the excitation and emission polarizers. The parameter 
G, defined as G=IHV/IHH, is the instrumental factor. DPH fluorescence measurements 
were carried out with an excitation wavelength (λexc) of 352 nm, emission wavelength 
(λem) of 430 nm, and both bandwidths of 5 nm. TMA-DPH fluorescence measurements 
were carried out with excitation and emission at 340 and 425 nm, respectively, and 
spectral bandwidths of 5 nm. 
2.2.4 Staining, acquisition and analysis 
For immunofluorescence (IF) stainings, VSMCs were grown in the presence of lipids on 
glass coverslips. After incubation, cells were fixed with 4% paraformaldehyde (PFA) for 
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at least 30 min, followed by quenching of the aldehyde groups with ammonium chloride 
and permeabilization with saponin (0.1 % in PBS). After permeabilization, cells were 
blocked with 1% BSA in PBS or for lipid staining 2% fish gelatin in PBS (Bodipy and 
filipin). Cells were then incubated with the primary antibodies in blocking solution for 1 h 
at room temperature (RT) (LAMP1 and 2, p53, SQSTM1, EEA-1, cathepsin D and 
H2A.X) or overnight (ON) at 4ºC (MITF, TFE3 and TFEB). Then they were washed, and 
finally incubated for 1 h with the secondary antibodies conjugated with a fluorophore. 
Antibody dilution was 1:500 for secondary antibodies conjugated with Cy3 and 1:250 for 
those conjugated with Cy5. Secondary antibodies used were from Jackson 
ImmunoResearch Laboratories (West Grove, PA, USA). Neutral lipids were stained with 
Bodipy 493/503 (diluted 1:500 from a saturated ethanolic solution of Bodipy) for 1 h. Free 
cholesterol and ChA were stained with filipin (25 μg/ml in PBS) for 30 min at room 
temperature. DAPI was used to visualize nuclei (1:800; Fluka). Coverslips were mounted 
with mowiol/DABCO and images were obtained using an AxioVision microscope (Axio 
Observer Z2) or a LSM710 confocal microscope with a 63× oil-immersion objective, 
using the appropriate filter sets (1.4 NA). 
Images were randomly acquired and 10 different fields were imaged for each 
experimental condition. For a given staining, images were acquired with the same 
settings. Images were obtained from three independent experiments and in total more 
than 15 cells were analysed per condition. Quantification of the number and size of 
lysosomes was performed using ImageJ software. Backgound was subtracted from the 
total fluorescence intensity of each region of interest (ROI). For nucleus translocation, 
the ratio of the nucleus and cytoplasm fluorescence intensities was calculated using also 
ImageJ. 
2.2.5 Transmission electron microscopy 
For transmission electron microscopy, cells were seeded on glass coverslips and, after 
POPC and ChA treatment, fixed in 2% PFA / 2% glutaraldehyde (Electron Microscopy 
Sciences, Hatfield, PA, USA) in 0.1 M phosphate buffer. Cells were then osmicated, 
treated with tannic acid, dehydrated, infiltrated with Epon and mounted on Epon stubs, 
all as previously described (Tomas et al., 2004). After polymerization overnight at 60˚C, 
coverslips were removed from Epon stubs with liquid nitrogen. 70 nm sections were cut 
en face and stained with lead citrate, before examination on a Jeol 1010 transmission 
electron microscope and images acquired with a Gatan OriusSC100B charged couple 
device camera. 
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2.2.6 Live imaging 
Cells were seeded in a Nunc™ Lab-Tek™ Chamber Slide (Thermo Scientific) and 
treated for 3 days with ChA or POPC.  
2.2.6.1 Lysosome pH measurement 
At day 2, cells were incubated ON simultaneously with dextran conjugated with 
fluorescein-isothiocyanate – FITC-dextran (200 μg/mL; Sigma) and dextran conjugated 
with Alexa Fluor 647 (50 μg/mL; Thermo Fisher). To ensure that lysosomes were labelled 
by the ON pulse, cells were washed with fresh culture medium and analysed by 
fluorescence microscopy after 3 h in dextran-free medium. Image acquisition was 
performed in CO2-independent medium and the settings were not changed between 
different samples. To measure the fluorescence intensity ratio between FITC-dextran 
and Alexa Fluor 647 within the lysosomes, the organelles were delimited and the 
fluorescence intensities of the two channels were quantified with ImageJ Fiji software 
(Coloc2 plugin). 
2.2.6.2 Lactosylceramide egress 
At day 3, cells were incubated with BODIPY® FL C5-Lactosylceramide – LacCer (2.5 
μM; Invitrogen, Carlsbad, CA, USA) in DMEM with 1% FBS for 45 min and 
LysoTracker™ Red DND-99 (200 nM; Invitrogen) to stain the acidic organelles, for 15 
min, at 37°C. Cell surface fluorescence of LacCer was removed by washing the cells 3 
times with 10% serum. Cells were followed under a confocal microscope for 3 h at 37°C 
in DMEM with 10 mM Hepes and 10% FBS. Images were obtained for both dyes. 
Colocalization was calculated using the Manders (M1) coefficient from ImageJ JACoP 
plugin. 
2.2.7 Western Blot 
Cell lysates were prepared in lysis buffer (50 mM Tris-HCl, pH 8.0, 1% Triton X-100, 
0.5% sodium deoxycholate, 0.1% SDS, 2 mM EDTA, 150 mM NaCl) in the presence of 
protease inhibitors (Sigma) and phosphatase inhibitor (Calbiochem). Lysates were 
cleared by centrifugation at 4°C for 30 min at 17,000 × g and protein concentrations were 
determined using the PierceTM BCA Protein Assay Kit (Thermo Fisher). Samples were 
then mixed with 4× Laemli buffer (4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 
0.004% bromophenol blue and 0.125 M Tris-HCl), heated for 5 min at 95ºC and loaded 
(20-40 μg) on 12-15% SDS polyacrylamide gel. After electrophoresis, proteins were 
transferred into activated PVDF membranes in transfer buffer 1× (25 mM Tris, 192 mM 
glycine and 20% ethanol) for 75 min, at 300 mA, with gentle agitation. Membranes were 
then blocked with blocking buffer (5% non-fat dry milk and 0.1% Tween-20 in TBS) for 1 
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h at room temperature, followed by an ON at 4°C with the primary antibody diluted 
(1:500-1:1000) in blocking buffer. 
After incubation with primary antibodies, membranes were washed with 1× TBS tween 
and incubated for 1 h at room temperature with the corresponding horseradish 
peroxidase secondary antibody (Bio-Rad, Hercules, CA, USA) diluted in blocking buffer. 
Blots were visualized using ECL Prime Western Blot Detection reagent (GE Healthcare) 
and a Chemidoc Touch Imaging System (Bio-Rad). Bands were quantified using Image 
Lab 6.0 software (Bio-Rad). 
2.2.8 PI/ annexin V staining and LDH assay 
Cells were seeded and exposed to ChA or POPC for 48 or 72 h. To detected cell death, 
annexin V / PI double staining was done with the FITC Annexin V Apoptosis Detection 
Kit I (BD Biosciences, Sparks, MD, USA) and used according to the standard protocol 
provided by the supplier. Briefly, after lipids exposure, cells were washed 1× with PBS 
and incubated with annexin V / PI solution for 30 min, protected from light, in an agitator. 
Then, images were taken with a Zeiss Axiovert 40 microscope, and PI and annexin V 
positive cells were counted. As positive control, cells were exposed to 800 µM of H2O2 
for 2 h prior to staining. 
The activity of the cytoplasmic enzyme lactate dehydrogenase in the supernatant, which 
evaluates plasma membrane integrity, was determined in VSMCs. After treatment with 
POPC or ChA for 72 h, the supernatant was collected and cells were lysed. LDH activity 
of the supernatant, cell culture media and cell lysates (intracellular content) was 
determined with the PierceTM LDH Cytotoxicity Assay Kit (Thermo Fisher), according to 
the standard protocol provided by the supplier. 
2.2.9 Cell proliferation evaluation 
Cell proliferation was assessed by two different methods. Cell number was assessed by 
counting the viable cells at each time point, with a Bürker chamber, in the presence of 
Trypan Blue, a dye exclusion. Cell proliferation was also evaluated by measuring the 
fluorescence of carboxyfluorescein succinimidyl ester (CFSE) at 48 and 72 h incubation 
time, in the presence of the lipids. CFSE covalently labels long-lived intracellular 
molecules with the fluorescent dye. When a CFSE-labeled cell divides, its progeny are 
endowed with half the number of carboxyfluorescein-tagged molecules and, thus, each 
cell division can be assessed by measuring the corresponding decrease in cell 
fluorescence via flow cytometry. In detail, VSMCs were seeded and allowed to grow for 
24 h. Then, we used the CellTrace™ CFSE Cell Proliferation Kit (3 µM; Thermofisher 
Fisher), following the protocol provided by the supplier. After 48 or 72 h with POPC and 
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ChA, cells were tripsinized and fixed with 4% PFA. CFSE levels were acquired in a BD 
FACScantoTMII flow cytometer: CFSE fluorescence in the 488 nm laser with filter 
(530/30 BP). The software for acquisition was BD FACSDIVA Diva, and data from at 
least 5000 cells were analysed with FlowJo. Cellular proliferation is an essential feature 
of the adaptive immune response. The introduction of the division tracking dye CFSE 
has made it possible to monitor the number of cell divisions during proliferation and to 
examine the relationship between proliferation and differentiation. 
2.2.10 Quantitative RT-PCR 
Total RNA was extracted with NZY total RNA isolation kit and reverse transcription was 
performed using NZY first-strand cDNA synthesis kit (NZYtech, Portugal). Quantitative 
PCR was performed in a 96- well plate using the SYBR green master mix (NZYtech, 
Portugal) using AB7300 Real-Time PCR thermal cycler with Step One software (v2.2.2; 
Applied Biosystems) QuantStudio™ 5 Real-Time PCR System (Thermofisher Scientific). 
gapdh and pgk1 were used as housekeeping genes to normalize the expression. Target 
gene expression was determined by relative quantification (ΔΔCt method) to the 
housekeeping reference gene and the control sample. The following forward and reverse 
primers were used: 




p62 GTCTTCTGTGCCTGTGCTGGAA TCTGCTCCACCAGAAGATCCCA 
mitf GCAAGAGGGAGTCATGCAGT AGTTGCTGGCGTAGCAAGAT 
tfe3 CCTGAAGGCATCTGTGGATT TGTAGGTCCAGAAGGGCATC 
tfeb AGGAGCGGCAGAAGAAAGAC CAGGTCCTTCTGCATCCTCC 
ki-67 AATCCAACTCAAGTAAACGGGG TTGGCTTGCTTCCATCCTCA 
lc3 GACGGCTTCCTGTACATGGTTT TGGAGTCTTACACAGCCATTGC 
Atp6v0d2 CAGAGCTGTACTTCAATGTGGAC AGGTCTCACACTGCACTAGGT 
Cathepsin D GCTTCCGGTCTTTGACAACCT CACCAAGCATTAGTTCTCCTCC 
Cathepsin B TCCTTGATCCTTCTTTCTTGCC ACAGTGCCACACAGCTTCTTC 
Lamp1 ACATCAGCCCAAATGACACA GGCTAGAGCTGGCATTCATC 
Lamp2b GGTGCTGGTCTTTCAGGCTTGATT ACCACCCAATCTAAGAGCAGGACT 
Il-6 TCCAGTTGCCTTCTTGGGAC GTACTCCAGAAGACCAGAGG 
Il-1β TGCCACCTTTTGACAGTGATGA GCGAGATTTGAAGCTGGATGC 
Pgk1 ATGGATGAGGTGGTGAAAGC CAGTGCTCACATGGCTGACT 
gapdh GGGAAGCCCATCACCATCTTC AGAGGGGCCATCCACAGTCT 
lipa CTAGAATCTGCCAGCAAGCC AGTATTCACCGAATCCCTCG 
mucolipin1 GCGCCTATGACACCATCAA TATCCTGGCACTGCTCGAT 
tnf GTCCCCAAAGGGATGAGAAGT TTTGCTACGACGTGGGCTAC 
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2.2.11 Cell migration assay 
Cell migration was assessed by wound-healing assay and transwell migration assay. 
MOVAS were grown to confluence and 2 h prior the wound it was added Mitomycin C 
(20 mg/ml) to assess migration independent of proliferation. VSMCs were wounded by 
a scratch injury line made with a sterile cell scraper. Cells were then treated with POPC 
and ChA and images were taken every 2 h until it reached 8 h of incubation.  
For Transwell migration assay, we used Transwell cell culture chambers (Costar, 
Cambridge, MA, USA) containing filters with a 8 μm pore size. VSMCs were treated with 
POPC and ChA for 72 h and then, trypsin-harvested or let it recover for another 72 h and 
then trypsin-harvested. Cell were suspended in serum deprived medium and added 
(1 × 105 cells/well) in the upper chamber of a 24 well plate. Then, complete medium was 
added to the lower chamber and incubated for 4 h. After incubation, cells were fixed with 
4% of PFA and stained with 0.1%(w/v) of crystal violet in 20% methanol for 15 minutes. 
Cells present on the upper-chamber membranes were removed, and cells that had 
migrated onto the lower-surface membranes washed with PBS and counted. Images 
were captured using an Axiovert 40C inverted microscope (Carl Zeiss) equipped with a 
Powershot A640 digital camera (Canon). 
2.2.12 Cytokines Measurements 
Supernatant from VSMCs were collected after 72 h of treatment with POPC and ChA. 
Cytokines levels in the medium were quantified by Mouse IL-6 Uncoated ELISA kit 
(Invitrogen), according to manufacturer’s instructions. Since the number of cells in POPC 
and ChA-treated cells were different, cytokines levels were normalized to the total cell 
protein levels, which was quantified as described for the Western blots. 
2.2.13 Atomic Force Microscopy (AFM) 
Cell elasticity was measured using a NanoWizard II atomic force microscope (JPK 
Instruments, Berlin, Germany) mounted on top of an Axiovert 200 inverted microscope 
(Carl Zeiss, Jena, Germany). Nanoindentation experiments were carried out on live cells, 
at 25°C, in Dulbecco’s Modified Eagle’s Medium (DMEM). Quantitative imaging (QI) 
mode was used to scan the cells. For these measurements, non-functionalized qp-BioAC 
CB2 AFM cantilevers (Nanosensors, Neuchâtel, Switzerland) with partial Au coating and 
quartz-like tips (nominal force constant of 100 pN/nm) were used. Differential 
interference contrast (DIC) microscopy was used to position the tip on top of the ChA-
treated and control cells (only with POPC). QI images of 100 µm × 100 µm in a z-range 
of 2.4 µm were acquired. Images of 256 × 256 pixels with a pixel time of 30 ms were 
performed. For every contact between cell and tip, the distance between the cantilever 
and the cell was adjusted to maintain a maximum applied force of 650 pN before 
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retraction. QI height, adhesion and elasticity images were acquired. Images were 
analyzed to obtain the cells Young’s modulus (E), using JPK Image Processing software 
v. 6.0.55, by the application of the Hertzian model. AFM tip penetration depth onto cells
was also evaluated. This parameter was analyzed by the position of the maximal 
movement of the piezo sensor in the z-axis, which corresponds to the z-axis coordinate 
when the sensor reaches an indentation force of 650 pN, subtracting the z-axis position 
of the sensor when the tip begins the contact with the cell surface. Values above 100 
kPa were not considered for the analysis of the stiffness of the cells. A cut-off of values 
above 1 µm of cell indentation height was also performed for the cell penetration depth 
images.   
2.2.14 Lysosomal hydrolase activity 
CTSD activity was assayed as previously described (Marques et al., 2019). CTSB activity 
was determined in a similar manner using 20 μM of cathepsin B substrate Z-RR-AMC 
(Enzo Life Sciences, Farmingdale, NY, USA). β-hexosaminidase activity was measured 
with 1.97 mM 4-methylumbelliferyl-N-acety-β-D-glucosaminide (Sigma) in 150 mM 
citrate-Na2HPO4 (pH 4.0) buffer. β-galactosidase activity was measured with 0.64 mM 4-
methylumbelliferyl-β-D-galactoside (Sigma) in 150 mM citrate-Na2HPO4 (pH 4.0) buffer 
with 0.2 M NaCl. The 4-methylumbelliferyl (4-MU) substrates for these two gycosidases 
were kindly gifted by Prof. Johannes Aerts (University of Leiden, The Netherlands). For 
these two activities, after incubation at 37 °C for 30 min, the reaction was quenched with 
0.3  M glycine adjusted with NaOH to pH 10.6. LAL activity was assayed based on the 
method described by (Hamilton et al., 2012), with slight alterations. Briefly, cells were 
lysed in reaction buffer (100 mM sodium acetate pH 4.0 with 1% Triton X-100). The 
lysates were cleared by centrifugation and 5 µg of lysate were incubated for 90 min at 
37ºC with a final concentration of 0.345 mM 4-MU-palmitate (Santa Cruz Biotechnology, 
Dallas, TX, USA) and 0.03% cardiolipin (w/v, Sigma) in 100 µL reaction buffer. Samples 
were incubated in the presence and absence of 30 µM Lalistat2 (Sigma), to inhibit LAL 
activity, and the reaction was quenched with 150 mM EDTA pH 11 (190 µL). For all 4-
MU substrates, fluorescence was measured by using an Tecan Infinite F200 PRO 
microplate reader (Tecan, Männedorf, Switzerland). with λexc = 366 nm and λem = 445 
nm. 
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2.3 Statistical analysis 
Data are representative of at least three independent experiments and values depicted 
on graphs are expressed as mean ± standard deviation (SD), unless stated otherwise. 
Statistical analysis (t-test or two-way ANOVA followed by Tukey post-test) was 
performed using the GraphPad Prism software v. 8.0.2. p < 0.05 (*), p < 0.01 (**), 
p < 0.001 (***) and p<0.0001 (****) were considered to be statistically significant. 
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3.1 “Title: Cholesteryl hemiazelate induces lysosome 
dysfunction and atherogenic features in vascular smooth 
muscle cells” 
3.1.1 Introduction 
Vascular smooth muscle cells (VSMCs) play a crucial role in the development of 
cardiovascular diseases (CVDs). VSMCs have been implicated in all stages of human 
atherosclerotic plaque development. In early stages of the disease, VSMCs are 
responsible for the intimal thickening due to increased proliferation, migration and 
production of extracellular matrix (Newby & Zaltsman, 1999). This aberrant VSMC 
migration and proliferation, culminates with the formation of a fibrous cap that is regarded 
as an adaptive response to atheroma formation and beneficial rather than detrimental to 
the pathology (Allahverdian et al., 2018; Greig et al., 2012). Nevertheless, the role of VSMCs 
in atherogenesis is not entirely beneficial. VSMCs within atherosclerotic lesions can also 
acquire a macrophage-like phenotype originating foam cells, undergo apoptosis and cell 
senescence (Feil et al., 2014; Shankman et al., 2015). Indeed, studies suggest that around 
50% of foam cells, characterized by an aberrant lysosomal and cytosolic lipid 
accumulation, in human and murine lesions are VSMC-derived (Allahverdian et al., 2014; 
Vengrenyuk et al., 2015). The sequestration of lipids, such as free cholesterol and 
cholesteryl esters, within lysosomes hinders their mobilization by cells, leading to 
lysosome enlargement and dysfunction. This outcome is extremely important in the 
pathogenesis of atherosclerosis (W. Gray Jerome & Lewis, 1990). Indeed, lysosome 
dysfunction and intralysosomal lipid accumulation in VSMCs and in other cells present 
in atheroma, such as macrophages, may promote atherosclerosis by reducing their 
ability to clear dying cells and necrotic debris, exacerbating inflammation and promoting 
further cell death. It is known that cellular and extracellular debris accumulate in 
atherosclerosis and, VSMC are very efficient in promoting phagocytosis of apoptotic 
cells, in a process named efferocytosis (Viegas et al., 2012). 
In atherosclerotic lesions, the vast amount of oxidized low-density lipoproteins (oxLDL) 
generated in the arterial intima represents one of the sources of undigested lipids that 
accumulate within the lysosomes of foam cells (Yancey & Jerome, 1998). In VSMCs, oxLDL 
can be internalized by scavenger receptors and by micropinocytosis (Chellan et al., 2016). 
It remains unclear which components of oxLDL elicit the lysosomal dysfunction and 
subsequent loss of VSMC homeostasis observed in atherosclerotic plaques. OxLDL 
represents a complex mixture of lipid oxidation products, oxidized cholesterol esters, 
oxidized phospholipids, modified plasmalogens and lysophospholipids (Greig et al., 2012). 
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This variety of components makes it difficult to associate a specific biological response 
with an individual oxLDL component and so, knowledge of the extent to which each 
oxidation product contributes to the pathology is required to further state any correlation 
between cause and effect.  
Very recently, our group has identified and quantified the cholesteryl hemiesters (ChE), 
the expected stable oxidation end-products of cholesteryl-polyunsaturated fatty acid 
esters such as cholesteryl linoleate and arachidonate in LDL, in the plasma of 
cardiovascular disease (CVD) patients. The most prevalent ChE found in CVD patients 
was the cholesteryl hemiazelate (ChA) (Domingues, 2018). Lipidomic data is well 
correlated with earlier published work showing that cholesteryl-9-oxononanoate, the 
precursor of ChA, is the principal “core aldehyde” in oxLDL and in atheromata (Hutchins 
et al., 2011; Kamido et al., 1993, 1995). Importantly, ChA is sufficient to cause lysosomal 
dysfunction and exocytosis of these aberrant organelles in macrophages. In these cells, 
there is an increase in the area and number of lipid-loaded lysosomes and they exhibit 
molecular traffic machinery similar to that described for exocytic vesicles (Domingues, 
2018). 
Considering the critical role of lysosomes in atherogenesis, it is imperative to extend our 
understanding of the molecular and cellular mechanisms underlying lysosomal 
dysfunction. For this reason, we decided to assess if ChA is also able to induce 
lysosomal dysfunction and loss of cell homeostasis in a murine model of VSMCs.  
Our data indicates that ChA is also able to induce lysosome dysfunction in VSMCs. 
However, the dysfunctional lysosomes in these cells exhibit some distinct features from 
those described by us in murine macrophages (Domingues, 2018), indicating that 
lysosomal dysfunction is more complex than initially thought. In VSMCs, the 
dysfunctional lysosomes are localized mainly in the perinuclear region of the cells and 
there is a decrease in the transcription of lysosomal genes as well as in the number of 
lysosomes per cell. These outcomes are probably related with the observed decline in 
the total levels of transcription factor EB (TFEB) and with its inactivation in the cytosol, 
which culminate in its loss of function. VSMCs with these features also proliferate and 
migrate less and become stiffer than control cells. Altogether, we present evidence that 
ChA is pathogenic towards VSMCs, compromising their protective role in plaque stability 
with impact in atherosclerosis progression. Furthermore, the pattern and the molecular 
machinery involved in lysosomal dysfunction induced by ChA is cell type dependent, 
highlighting the importance and the impact of our studies not only for atherosclerosis but 
also for other pathologies that share this common feature. 
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3.1.2 Results 
3.1.2.1 ChA causes lysosomal enlargement in VSMCs 
We started this work by evaluating changes in the biophysical properties of the plasma 
membrane and by analysing the intracellular distribution of ChA in VSMCs. It is known 
that when amphiphile lipids partition into membranes they change their biophysical 
properties, impacting cell behaviour (Mesquita et al., 2000). ChA is an amphiphile 
cholesterol derivative that acquires a negative charge at neutral pH. We firstly assessed 
by fluorescence anisotropy the membrane fluidity of a murine aorta/smooth muscle cell 
line (MOVAS) exposed to ChA. Given the poor solubility of the lipid of our interest in cell 
culture medium, ChA was delivered to the cells via ChA:POPC (1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine) liposomes (65:35, molar ratio). POPC liposomes were 
always used as control. The fluorescent probes diphenylhexatriene (DPH) and its 
trimethylammonium derivative (TMA-DPH) report the membrane fluidity on the highly 
disordered hydrophobic core and on the more ordered regions of the bilayer close to the 
lipid-water interface, respectively (do Canto et al., 2016). Our results provide evidence 
that cells exposed to ChA present decreased plasma membrane fluidity and a higher 
order of the hydrophobic core of the bilayer, as indicated by the significantly higher DPH 
fluorescence anisotropy (Fig. 3.1A), and a tendency towards higher order in the shallow 
regions (Fig. 3.1B), assessed by TMA-DPH. 
Based on our previous publications, we know that in macrophages ChE accumulate in 
late endosomal compartments (late endosomes/ lysosomes, hereafter collectively 
referred to as lysosomes, unless stated otherwise). Similarly to free cholesterol, ChE can 
be stained by filipin, a polyene macrolide antibiotic (Domingues et al., 2017; Domingues, 
2018). 
Figure 3.1 | Impact of ChA in VSMC membrane properties. 
VSMCs were treated with ChA or the vehicle-POPC for 72 h. Quantification of fluorescence anisotropy at 
the level of the acyl chains of the phospholipids (A) and at the level of the polar lipid headgroups (B), using 
DPH (1,6-diphenylhexatriene) and its trimethylammonium derivative (TMA-DPH), respectively. Data 
represent the mean ± SD of 3 independent experiments. Statistical significance was assessed by student 
t-test: *, p < 0.05; ns, non-significant. 
A B 
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Thus, next, we analysed the intracellular distribution of ChA in VSMCs exposed to 
ChA:POPC liposomes. After 72 h incubation, we could observe a stronger and distinct 
filipin staining in cells treated with ChA:POPC, compared to POPC-exposed cells (Fig. 
3.2A). In ChA-treated cells, filipin stained large round vesicular structures that were 
surrounded with the lysosomal-associated membrane protein 1 (LAMP1), a marker of 
lysosomes (Fig. 3.2A), lower panels and zoom of the regions outlined by the square.  
Figure 3.2 | ChA distribution in VSMC.  
(A) Representative images of VSMCs labelled with filipin (a free cholesterol and ChA probe) and LAMP1 
(lysosomal associated membrane protein 1). Merged images (right panel) show LAMP1 in green and filipin 
in magenta. Panels on the right upper corner of each image are zoomed regions outlined by the rectangles 
in the left panel. Confocal single-slice images magnification: 63×; scale bar: 10 μm. 
However, we cannot exclude that part of the filipin staining may be attributed to labelling 
of accumulated intralysosomal unesterified cholesterol. Similar results were obtained 
when lysosomes were stained with LAMP2 antibodies. Of note, in VSMCs LAMP1 and 
LAMP2 distribution was similar (Fig. S3.1). Therefore, to visualize lysosomes we used 
one or the other lysosomal marker. Nonetheless, these data suggest that ChA causes 
the enlargement of lysosomes in VSMCs and that ChA may be accumulated inside these 
organelles. In accordance with the previous observations (Domingues et al., 2017; Estronca 
et al., 2012), quantification of the area of lysosomes in VSMCs incubated with ChA for 
72h showed a clear shift towards larger lysosomes compared to cells incubated with 
POPC liposomes (Fig. 3.3A). 
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To better assess the impact of ChA in the lysosomal structure and the nature of the 
storage material, we performed a transmission electron microscopy analysis of VSMCs 
exposed to this lipid. Unlike control cells, VSMCs incubated with ChA liposomes revealed 
the presence of enlarged vesicular structures with electron-lucent material (Fig. 3.3B, 
red arrows). 
Figure 3.3 | ChA treated VSMCs show enlarged lysosomes. 
(A) Percentage of LAMP2-positive organelles as a function of individual LAMP2-positive organelle area in 
POPC and ChA treated cells.  (B) Transmission electron microscopy of control cells (upper panel) or treated 
for 72 h with ChA (lower panel). Scale bar: 5 µm. Enlarged lysosomes are indicated by red arrows. 
At 72 h in ChA exposed cells, the number of lysosomes with an imaged area below 0.5 
µm2 was halved, while the number of lysosomes with an area above 0.5 µm2 more than 
doubled (Fig. 3.3A), when compared with control cells. To confirm whether the observed 
enlargement was exclusive to lysosomes or impacted other organelles of the endocytic 
pathway, we immunostained VSMCs exposed to ChA for early-endosome antigen 1 
(EEA-1), a marker of early endosomes, and LAMP2. As shown in Fig. 3.4, we did not 
see changes in the area of EEA-1 stained structures or colocalization of EEA-1 with 
LAMP2 in POPC or ChA-exposed VSMCs. Thus, this indicates that the lipid-induced 
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Figure 3.4 | ChA treatment does not affect other endocytic organelles. 
(A) Representative images of VSMCs stained with EEA-1 (early endosome associated protein 1) and 
LAMP2. Merged images (right panel) show EEA-1 in magenta and LAMP2 in green. Panels on the right 
upper corner of each image are zoomed regions outlined by the rectangles in the left panel. Confocal 
single-slice images magnification: 63×; scale bar: 10 μm. 
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3.1.2.2 Exposure to ChA triggers neutral lipid accumulation and impairs acidification 
in VSMC lysosomes 
Next, we sought to clarify the consequences of the detected enlargement and ChA 
accumulation for lysosomal homeostasis and function. Firstly, we investigated the 
storage of other lipids besides ChA/free cholesterol in the ChA-exposed lysosomes. 
Using the fluorescent neutral lipid dye BODIPY 493/503, we found that the LAMP2-
positive enlarged lysosomes in VSMCs incubated with ChA liposomes were enriched in 
neutral lipids (Fig. 3.5A, lower panels and zoom of the region outlined by the square). 
BODIPY staining could also be observed in a small number of LAMP2-negative 
structures (Fig. 3.5A), which most likely correspond to lipid droplets, the typical 
compartment for neutral lipid storage. In contrast, in POPC-exposed cells, there were no 
detectable BODIPY-positive lysosomes and just a limited number of small lipid droplets 
(Fig. 3.5A, upper panels and zoom of the region outlined by the square), indicating that 
neutral lipids are not being stored under these conditions. ChA, as stated above, is a 
polar lipid and cannot be visualized with BODIPY. However, we can speculate that once 
ChA starts to accumulate in lysosomes the degradative capacity of these organelles is 
compromised, leading to the accumulation of internalized neutral lipids that exist in the 
cell culture medium, as well as other cargo, contributing to their enlargement. 
Figure 3.5 | Exposure to ChA triggers neutral lipid accumulation 
(A) VSMCs were incubated for 72 h with POPC (upper panel) or ChA (lower panel). After incubation, cells 
were labelled with LAMP2 (left panels) and Bodipy 493/503 (neutral lipids dye; middle panels). Merged 
images (right panels) show LAMP2 in green and Bodipy in magenta. Panels on the right upper corner of 
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each image are zoomed regions outlined by the rectangles in the left panels. Confocal single-slice images 
with magnification: 63×; scale bar: 10 μm. 
To confirm that the lysosomal hydrolytic activity was compromised, we determined the 
activity of several lysosomal hydrolases towards artificial fluorescent substrates by in 
vitro assays. The activities of the glycosidases β-hexosaminidase (encoded by the Hexb 
gene) and β-galactosidase (encoded by the Glb1 gene) were similar between the lysates 
of POPC- and ChA-treated cells (72 h incubation) (Fig. 3.6A). In contrast, the activity of 
the lysosomal acid lipase (LAL, encoded by the Lipa gene) as well as cathepsin B (CTSB) 
activity were about 30% decreased in the lysates of ChA-treated VSMCs when compared 
to POPC-treated cells (Fig. 3.7A). Like cathepsins, LAL is synthesized as a zymogen, 
requiring proteolytic processing at low pH to become active (Ameis et al., 1994; Zschenker 
et al., 2004). On the other hand, cathepsin D (CTSD) activity was increased in ChA-
exposed cells, which may be the consequence of the reported self-activation of pro-
CTSD in the acidic assay buffer conditions. In general, these data indicate that in cellular 
lysates the activity of lysosomal hydrolases is either unchanged (β-hexosaminidase and 
β-galactosidase) or decreased (CTSB and LAL). Zymogen processing, as well as the 
breakdown of incoming endocytic and autophagic substrates within lysosomes, are pH 
dependent.  
Thus, we decided to evaluate the luminal lysosomal pH. The lysosomal pH gradient is 
assured by the activity of a proton-pumping V-type ATPase (Mindell, 2012). We probed 
lysosomal pH in VSMCs treated with ChA employing a combination of two dextrans, 
which readily reach lysosomes via the endocytic pathway: a pH insensitive dextran 
conjugated with Alexa 647 and a pH-sensitive dextran conjugated with fluorescein 
Figure 3.6 | Exposure to ChA impairs Hydrolases 
activity in VSMC. 
(A) Measurement of lysosomal hydrolases activities in 
vitro of ChA treated cells normalized to POPC treated cells 
(dashed line). Data represent the mean ± SD of 3 
independent experiments. Statistical significance was 
assessed by unpaired t-test: *, p < 0.05; **, p < 0.01; ***, 
p < 0.001; ns, non-significant.  
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isothiocyanate (FITC). VSMCs exposed to ChA for 72 h presented an approximately two-
fold higher dextran-FITC/dextran-647 ratio, when compared to POPC-treated cells (Fig. 
3.7A and B), indicating a significant increase in intralysosomal pH upon exposure to ChA. 
Figure 3.7 | Exposure to ChA impairs and impairs acidification in VSMC lysosomes. 
(A) After VSMCs POPC (upper panel) or ChA (lower panel) treatment for 72 h, cells were loaded with 
dextran-FITC (pH sensitive probe; gray) and dextran-Alexa fluor 647 (pH insensitive probe; green). 
Confocal single-slice images magnification: 63×; scale bar: 10 μm. Dashed line indicates cell border. (B) 
Quantification of the fluorescence emission (mean intensity) ratio of dextran-FITC and dextran-Alexa Fluor 
647. ImageJ software was applied and more than 32 cells were quantified. Data represent the mean ± SD 
of 3 independent experiments. Statistical significance was assessed by unpaired t-test: **, p < 0.01. 
To assess if limited lysosomal lipid exit capacity was also contributing to the enlargement 
in ChA-treated cells, we measured the egress towards the Golgi of the glycosphingolipid 
lactosylceramide (LacCer) conjugated with BODIPY. LacCer can be taken up by 
endocytosis and upon exiting the lysosomes it is routed to the Golgi and not to the plasma 
membrane (Choudhury et al., 2002; Sharma et al., 2003). We evaluated the exit of LacCer 
from lysosomes in live cells by analysing the co-localization with the probe Lysotracker, 
which stains acidic organelles. ChA-treated VSMCs presented higher levels of LacCer 
co-localization with Lysotracker-positive vesicles (Fig. 3.8A, thick arrows) when 
compared with POPC-treated cells that show already some LacCer in the Golgi (Fig. 
3.8A, thin arrows) which was quantified in Fig. 3.8B. These data suggest an impairment 
of lysosomal cargo exit due to ChA-treatment. However, we cannot exclude a parallel 
impairment of the lysosomal degradation of this glycosphingolipid by the responsible 
glycosidase, β-galactosidase (encoded by the Glb1 gene). 
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(B) Percentage of co-localization of lactosylceramide-positive organelles with Lysotracker in cells treated 
with POPC and ChA for 72 h, after 3 h of chase. Data represent the mean ± SD of 3 independent 
experiments. Statistical significance was assessed by unpaired t-test: ****, p < 0.0001. 
Recently, we have described that macrophages exposed to ChA demonstrated an 
irreversible accumulation of undigested lipid in lysosomes, even after removing the ChA 
itself. Taking this into account, we sought to find if in VSMCs, the same occurs. For that 
we did a pulse where we treated the cells for 72 h with POPC or ChA and then, we 
removed both, added regular cell culture medium and followed the cells up to 72 h. 
As can be seen in Fig. 3.9, at 24 h and 48 h of chase we could still observe some 
enlarged lysosomes that, disappeared completely after 72 h of chase. This shows that 
VSMCs enlarged lysosomes provoked by ChA were reversible. How this occurs we do 
not fully understand but we postulate that, first, once the continuous internalization of 
ChA ceases in VSMCs, the enlarged lysosomes undergo lysophagy (autophagic removal 
B 
Figure 3.8 | Impairment of lysosomal cargo exit by ChA 
treatment 
(A) Representative images of 72 h ChA-treated VSMCs incubated 
with Lysotracker and lactosylceramide and, then, chased for 3 h. 
Merged images (right panel) show lactosylceramide in green and 
Lysotracker in magenta. At this time-point, VSMCs treated with 
POPC (upper panel) show that most of the internalized 
lactosylceramide already reached the Golgi (thin arrow), in 
comparison with VSMCs treated with ChA (lower panel), where 
the lipid remained in acidic organelles (thick arrow). Confocal 
single-slice images magnification: 63×; scale bar: 10 μm. Dashed 
lines indicate the cell border.  
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of lysosomes) and the cell can recover; second, the cells with enlarged lysosomes 
ultimately die with time and the healthy ones occupy their space. 
(B) Mean of lysosomal area per cell at 72h of treatment with POPC or ChA (0h, pulse) or to 24h, 48h and 
72h of chase (exposure to normal medium). Lysosomal area was measured by ImageJ software. Data 
represent the mean ± SD of 3 independent experiments, total N=20 per condition. Statistical significance 
was assessed by One-ANOVA: *, p < 0.05; ns, non-significant. 
Overall these data point to a general dysfunction of the lysosomal compartment, 
characterized by increased lysosomal pH, neutral lipid accumulation and impaired cargo 
exit, as consequence of incessant exposure of VSMCs to ChA. As described for other 
experimental settings (Martina et al., 2016) lysosomal stress could trigger the activation 
of the basic helix-loop-helix leucine zipper microphthalmia/transcription factor E 
(MiT/TFE) family of transcription factors (TF) with subsequent lysosome biogenesis and 
increase in autophagy. Therefore, next we decided to assess if ChA was promoting the 
nuclear translocation and the activation of these lysosomal TFs. 
Figure 3.9 | ChA induced enlarged 
lysosomes phenotype is reversible in 
VSMCs 
(A) Representative images of VSMCs 
labelled with LAMP1 at 72h of POPC or ChA 
treatment (pulse) and after chase of 24h, 
48h and 72h to normal medium.  Confocal 
single-slice images magnification: 63×; 
scale bar: 10 μm. 
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3.1.2.3 ChA leads to the nuclear translocation of MiT/TFE transcription factors in a 
time-concerted manner 
Lysosomal biogenesis and autophagy are regulated by the MiT/TFE family of TFs 
(Napolitano & Ballabio, 2016). The cellular localization and activity of MiT/TFE TFs is mainly 
controlled by their phosphorylation status. When phosphorylated, the TFs are kept 
inactive in the cytosol. Upon starvation or conditions of lysosomal dysfunction, TFs are 
quickly de-phosphorylated and translocated to the nucleus, where they activate the 
transcription of the target genes (Martina et al., 2016; Napolitano & Ballabio, 2016). Taking 
this into account, we studied the translocation into the nucleus of TFEB, TFE3 and MITF 
at different time-points in VSMCs treated with ChA or just POPC. We found a significant 
increase in the nuclear fraction of MITF 24 and 48 h of ChA treatment, compared to 
POPC treated cells (Fig. 3.10A-B) and an increase in nuclear TFE3 48 h after treatment 
(Fig. 3.10C-D). Curiously, we did not observe nuclear translocation of TFEB. In fact, 
there was a significant decrease in the fraction of nuclear TFEB after 24 h ChA-treatment 
(Fig. 3.10E-F). To assess whether this could have been an earlier event, we performed 
the same analysis at earlier time-points (after 3, 6 and 12 h of treatment) (Fig. S3.2A-F). 
At these time-points, there was also no significant increase in the nuclear fraction of 
TFEB (Fig. S3.2E-F).  
TFEB is phosphorylated by multiple kinases but the main one is the mammalian target 
of rapamycin (mTOR), which regulates TFEB subcellular localization and activity 
(Puertollano et al, 2018). It is described in the literature that upon lysosomal stress, 
mTORC1 is inactivated and dephosphorylation of TFEB occurs, which consequently 
leads to its translocation into the nucleus. Therefore, we next evaluated the mTOR 
activity in ChA treated cells as another of its targets, S6K1. As shown in Fig. 3.11, mTOR 
total levels as its phosphorylated form (active) are unchanged when comparing POPC 
and ChA treatment at 72 h. However at 72 h of incubation, when changes at the 
lysosomal level were striking, ChA treated cells showed decreased levels of total TFEB 
protein (Fig. 3.12A and B) and increased levels of phosphorylated TFEB, its inactive form 
(Fig. 3.12A and C). Indeed, when we evaluated another mTORC1 target, S6K1, we also 
saw an increase of its phosphorylated form in ChA treated VSMCs (Fig.3.13A and C). 
This leads us to state that ChA at 72 h, is not sufficient to hyperactivate mTOR (more 
phosphorylated form) but increases its activity.  
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Figure 3.10 | ChA leads to the nuclear translocation of MiT/TFE transcription factors in a 
time-concerted manner.  
VSMCs were incubated for 24 h (left panel), 48 h (middle panel) and 72 h (right panel) with POPC (upper 
panel) or ChA (lower panel). After incubation, cells were labelled with MITF (A), TFE3 (C) and TFEB (E) 
antibodies. Fluorescence microscopy images (Zeiss Axio Imager Z2 microscope). Magnification: 63×; scale 
bar: 20 μm. Nucleus delimited by dashed lines. (B), (D) and (F) represent the ratio of mean intensity of 
MITF, TFE3 and TFEB fluorescence, respectively, of the nucleus with cytoplasm at 24, 48 and 72 h in cells 
treated with POPC and ChA. Data represent the mean ± SD of 3 independent experiments. Statistical 
significance was assessed by two-way ANOVA, SIDAK test: *, p < 0.05; ****, p < 0.0001; ns, non-significant. 
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Figure 3.11 | ChA treatment does not affect mTOR levels. 
(A) Western blot for mTOR and phospho-mTOR of VSMCs lysates treated with POPC and ChA at 72 h. 
Tubulin was used as loading control. (B) Ratio of mTOR/Tubulin of bands obtained by Western blot in (A). 
Data represent the mean ± SD of 3 independent experiments. Statistical significance was assessed by 
unpaired t-test: ns – non-significant. (C) Ratio of phospho-mTOR/Tubulin of bands obtained by Western 
blot in (A). Data represent the mean ± SD of 3 independent experiments. Statistical significance was 
assessed by unpaired t-test: ns – non-significant. 
In summary, these data indicate that MiT/TFE family members are differently impacted 
by exposure to this ChE. While MITF and TFE3 translocate to the nucleus at different 
time-points, TFEB translocation is inhibited, remaining in the cytosol mainly in its 
phosphorylated form, suggesting the occurrence of a time-concerted regulation of 
lysosome and autophagy genes upon ChA treatment. Moreover, this regulation may be 
mTOR independent. 
Figure 3.12 | TFEB translocation is inhibited in ChA treated VSMCs. 
(A) Western blot for TFEB and phospho-TFEB of VSMCs lysates treated with POPC and ChA at 72 h. GAPDH 
was used as loading control. (B) Ratio of TFEB/GAPDH of bands obtained by Western blot in (A). Data 
represent the mean ± SD of 3 independent experiments. Statistical significance was assessed by unpaired 
t-test: *, p < 0.05. (C) Ratio of phospho-TFEB/GAPDH of bands obtained by Western blot in (A). Data 
represent the mean ± SD of 3 independent experiments. Statistical significance was assessed by unpaired 
t-test: *, p < 0.05. 
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Figure 3.13 | ChA treatment increases phospho-S6K1 levels. 
(A) Western blot for S6K1 and phospho-S6K1 of VSMCs lysates treated with POPC and ChA at 72 h. GAPDH 
was used as loading control. (B) Ratio of S6k1/GAPDH of bands obtained by Western blot in (A). Data 
represent the mean ± SD of 3 independent experiments. Statistical significance was assessed by unpaired 
t-test: *, ns – non-significant. (C) Ratio of phospho-S6K1/GAPDH of bands obtained by Western blot in (A). 
Data represent the mean ± SD of 3 independent experiments. Statistical significance was assessed by 
unpaired t-test: **, p < 0.01. 
Besides their translocation into the nucleus, it has been shown that the expression levels 
of these transcription factors also increase upon exposure to lysosomal stressors (Lu et 
al., 2017; Pan et al., 2019). MiT/TFE family members are encoded by four distinct genes: 
Mitf, Tfeb, Tfe3 and Tfec (Hemesath et al., 1994). To assess if ChA exposure might impact 
their transcription in VSMCs, we evaluated the expression level of these genes by qRT-
PCR. No major alterations in the mRNA levels of the transcription factors Mitf, Tfe3 and 
Tfeb were observed in ChA-treated, when compared to POPC-treated VSMCs (Fig. 
3.14A-C). The only exceptions were a slight elevation in Mitf transcript levels after 24 h 
incubation with ChA (Fig. 3.14A) and a decrease in Tfe3 at 48 and 72 h (Fig. 3.14B) and 
Tfeb expression at 24 h (Fig. 3.14C). 
Once in the nucleus, MITF and TFE3 can promote cell adaptation to lysosome stress by 
upregulating transcription of numerous lysosomal and autophagic genes (Martina et al., 
2016; Sergin et al., 2017). Thus, we assessed next the transcription levels of lysosomal 
genes (Fig. 3.14D-J) and autophagic genes (Fig. 3.14K-L) at different time-points (6, 12, 
24, 48 and 72 h). To our surprise, for all evaluated lysosomal and autophagic genes, we 
did not observe a significant transcription increase in ChA-treated VSMCs (Fig. 3.14D-
L). In fact, the majority of the genes showed, at the later time-points, a reduction of their 
transcript levels when compared to POPC treated cells. Seven genes encoding 
lysosomal membrane proteins and channels (Lamp1, Lamp2b and Mcln1), hydrolases 
(Lipa, Ctsd and Ctsb) and a component of the proton pump V-ATPase (Atp6v0d2) were 
analysed. We found that gene expression reduction was more pronounced and 
significant for Lipa, Mcln1, Lamp2b and Ctsb (Figure 3.14D, F, G and J) than for the 
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other genes analysed. Interestingly, the decreased expression of the lysosomal genes 
coincided with the decline of lysosomal degradation capacity in ChA-treated cells (Fig. 
3.6). 
Altogether, these results could be explained, in part, by the inhibition of TFEB nuclear 
translocation and by depletion of total cellular TFEB content in ChA-treated cells, since 
it has been shown that the levels of most of these transcripts are increased when TFEB 
protein levels are elevated (Sergin et al., 2017). Furthermore, although TFE3 and MITF 
translocated into the nucleus at early points, this was not sufficient to induce the 
transcription of lysosomal genes in VSMCs, which in turn could avoid or compensate 
lysosome dysfunction. 
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 Figure 3.14| ChA does not induce transcription of lysosomal and autophagic genes. 
VSMCs were incubated with POPC or ChA for 6, 12, 24, 48 and 72 h, and then mRNA was extracted and 
analysed by RT-qPCR for the transcription factors Mitf (A), Tfe3 (B), Tfeb (C), and their effectors Lipa (D), 
Lamp1 (E), Mcln1 (F), Lamp2b (G), Atp6v0d2 (H), cathepsin D (I) and cathepsin B (J); for autophagy 
evaluation mRNA was analysed for p62 (K) and lc3 (L). Data were normalized to the endogenous Gapdh 
and Pgk1 genes. Data represent the mean ± SD of 3 independent experiments. Statistical significance was 
assessed by unpaired t-test: *, p < 0.05; **, p < 0.01; ****, p < 0.0001; ns, non-significant. Data is 
normalized to POPC levels (dashed line). 
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3.1.2.4 In ChA treated VSMCs the increase in lysosomal mass is not due to an increase 
in lysosomal number 
As we observed an inhibition of the transcription of lysosomal genes and lysosomes of 
VSMCs are dysfunctional following exposure to ChA, we set out to investigate whether 
ChA exposure results in any change of structural and luminal lysosomal proteins. The 
protein levels of the lysosomal transmembrane protein LAMP1 were significantly 
increased in cells treated with ChA, in comparison to POPC-treated cells (Fig. 3.15A-B). 
Next, we evaluated the protein levels of luminal lysosomal proteins. Cathepsins are some 
of the most abundant soluble lysosomal hydrolases. These proteases are synthesized 
as inactive zymogens, which become activated upon processing by other proteases in 
the lysosomes. Analysis of CTSD protein levels revealed a significant increase in pro-
CTSD levels, which was not accompanied by an increase in mature (lysosomal) CTSD 
(Fig. 3.15C-D), suggesting that pro-CTSD is not being properly processed in the 
lysosomes to the mature (active) form of the enzyme (Marques et al., 2019). Similar 
results were obtained when cathepsin B protein levels were analysed (Fig. 3.15E-F). 
Immunostaning of CTSD revealed an increase in protein levels within the enlarged 
lysosomes of ChA-exposed VSMCs (Fig. 3.16A). 
Figure 3.15 | ChA increases lysosomal mass and impairs the maturation of lysosomal 
zymogen hydrolases in VSMCs 
(A), (C) and (E) represent LAMP1, cathepsin D (CTSD) and cathepsin B (CTSB) levels, respectively, in VSMCs 
treated with POPC or ChA for 72 h. Calnexin was used as loading control. (B), (D) and (F), represent the 
ratios of LAMP1/calnexin, pro-CTSD/calnexin and pro-CTSB/calnexin, respectively, of quantified bands in 
VSMCs treated with POPC or ChA. (B) and (D) represent the mean ± SD of 3 independent experiments, 
and (F) represent the mean ± SD of 2 independent experiments. Statistical significance was assessed by 
student t-test: *, p < 0.05; ns, non-significant. 
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Figure 3.16 | Total cathepsin D is increased in ChA treated VCMCs. 
(A) Representative images of VSMCs incubated for 72 h with POPC (upper panel) or ChA (lower panel). 
After incubation, cells were co-stained with cathepsin D (left panels) and LAMP1 (middle panels) 
antibodies. Merged images (right panels) show cathepsin D in green and LAMP1 in magenta. Panels on 
the right upper corner of each image are zoomed regions outlined by the rectangles in the left panels. 
Confocal single-slice images magnification: 63×; scale bar: 10 μm. (B) Quantification of total cathepsin D 
per lysosomes per cell in POPC and ChA treated cells. Data represents the mean ± SD of 15 cells of 3 
independent experiments. Statistical significance was assessed by unpaired t-test: ****, p < 0.0001. 
Since the antibody used does not distinguish pro- from mature CTSD, we speculate that 
these less acidic lysosomes may contain high levels of unprocessed pro-cathepsin. To 
understand whether the observed increase in LAMP1 and pro-cathepsins levels was 
complemented by a similar elevation in lysosome number, we counted the number of 
lysosomes in POPC- and ChA-treated VSMCs (72 h incubation). Surprisingly, the 
number of lysosomes was significantly reduced in VSMCs exposed to ChA liposomes 
(Fig. 3.17A). Together, our observations indicate that even though lysosomal mass is 
increased, that did not translate into an increased number of lysosomes, but rather in the 
enlargement of these organelles. While the increase in lysosomal mass is probably 
caused by reduced protein processing and/or decline in lysosomal protein turnover, the 
decrease in lysosome number points to lysosome fission defects. This latter event 
involves vesiculation, tubulation and “kiss-and-run” (Saffi & Botelho, 2019). It is possible 
that the accumulation of ChA in lysosomes, changing their membrane biophysical 
properties, may contribute to these outcomes. 
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Next, we analysed the impact of the aberrant dysfunctional lysosomes on autophagy. 
For this purpose, we analysed the protein levels of autophagy-related genes, whose 
transcription is decreased in ChA-treated cells (Fig. 3.14K-L). Microtubule-associated 
proteins 1A/1B light chain 3B (LC3) is an essential for autophagy, as it is crucial for 
substrate selection and autophagosome biogenesis. In particular, the levels of 
membrane associated (lipidated) LC3-II are commonly used as a marker for 
autophagosomes, the double-membrane vesicles that contain the material for 
autophagic degradation (Nakatogawa, 2020). At basal conditions, VSMCs treated with 
ChA presented a tendency towards higher levels of the lipidated LC3-II after 48 h 
treatment with ChA liposomes, but this tendency was absent at 72 h incubation (Fig. 
3.18A and B). This suggests that the number of autophagosomes is not increased upon 
ChA-treatment and that autophagy was not stimulated. Another protein essential for 
autophagy is SQSTM1, an autophagy receptor that targets proteins for selective 
autophagy, which did not exhibit any change in our experimental settings (Fig. 3.18A and 
C). However, immunostaning revealed an accumulation of SQSTM1 inside the enlarged 
LAMP1-positive lysosomes in VSMCs ChA-exposed for 72 h (Fig. 3.19A and zoom of 
the regions outlined by the square). Since autophagy does not appear to be stimulated, 
this may indicate an impairment in autophagic cargo degradation due to lysosome 
dysfunction. 
To gauge the autophagic flux in ChA-treated VSMCs, we inhibited the latter with the 
weak base chloroquine (CQ). CQ blocks the autophagic flux by increasing lysosomal pH, 
as well as decreasing autophagosome-lysosome fusion (Mauthe et al., 2018). As shown 
in Fig. 3.18B, the LC3-II/LC3-I ratio upon treatment with CQ in ChA-exposed and in 
control cells was similar. Overall, these data imply that, despite the translocation of MITF 
and TFE3, autophagy in murine VSMCs is not being stimulated by exposure to ChA. 
Figure 3.17| Number of lysosomes decreases with ChA 
treatment  
(A) Number of lysosomes per cell in VSMCs treated with 
POPC or ChA at 72 h. Data represent the mean ± SD of 19 or 
more cells of 3 independent experiments. Statistical 
significance was assessed by unpaired t-test: *, p < 0.05. 
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Figure 3.18 | ChA does not stimulate autophagy in VSMCs. 
 (A) Western blot showing SQSTM1 and LC3 in cells treated with POPC, ChA, and POPC or ChA plus 4 h of 
chloroquine (CQ) at 24, 48 and 72 h. Calnexin was used as a loading control. (B) LC3-II/LC3-I ratio and (C) 
SQSTM1/calnexin ratio of bands obtained in (A). Data represent the mean ± SD of 3 independent 
experiments. Statistical significance was assessed by unpaired t-test: *, p < 0.05; **, p < 0.01; ***, p < 
0.001; ns, non-significant. 
Figure 3.19 | VSMCs enlarged lysosomes show SQSTM1 accumulation. 
(A) Representative images of VSMCs incubated for 72 h with POPC (upper panel) or ChA (lower panel). 
After incubation, cells were co-stained with SQSTM1 (left panels) and LAMP1 (middle panels). Merged 
images (right panels) show LAMP1 in green and SQSTM1 in magenta. Panels on the right upper corner of 
each image are zoomed regions outlined by the rectangles in the left panels. Confocal single-slice images 
magnification: 63×; scale bar: 10 μm. 
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3.1.2.5 ChA affects VSMC proliferation 
Next, we decided to evaluate the impact of lysosome dysfunction and reduction in TFEB 
expression in VSMCs viability. Loss of cell viability is a critical event in atherogenesis, 
since it can contribute to plaque instability (M. O. Grootaert et al., 2015; M. O. J. Grootaert et 
al., 2018). We evaluated necrosis and apoptosis by Propidium Iodide (PI)/annexin V 
staining as a function of time. Necrosis was also evaluated by lactate dehydrogenase 
(LDH) release at 72 h incubation time. We found that ChA-treated cells did not exhibit 
any increase in the staining by annexin V up to 72 h, when compared with control cells 
(Fig. 3.20A). Moreover, when PI staining and LDH activity in the medium was measured, 
no differences between control and ChA-treated cells were observed (Fig. 3.20A-B). To 
make sure that LDH activity was not affected by the presence of ChA in the medium, we 
did an in vitro assay that confirmed that (Fig. S3.3). These results indicate that ChA 
treatment did not induce apoptosis or necrosis in VSMCs, even for longer periods of 
incubation time. However, observations under the microscope, suggested that in the 
presence of ChA the number of VSMC was lower in comparison with control cells. To 
confirm this observation, we counted the number of cells at 48 and 72 h and, as shown 
in Fig. 3.20C, a significant decrease on cell number was observed at both time points in 
the presence of ChA (Fig. 3.20C). This can be achieved through delaying the proliferation 
rate and/or by arresting the cell cycle. To address these two hypotheses, we first 
evaluated Ki-67 mRNA levels. KI-67 has been described as a tumour proliferation marker 
present in the G1, S and G2 phases of the cell cycle, but not in the quiescent or G0 
phase (Menon et al., 2019; Scholzen & Gerdes, 2000). The results showed that at 72 h there 
is a significant decrease in Ki-67 mRNA levels under ChA conditions (Fig. 3.20D). Given 
these results, we further evaluated the proliferation using the vital dye 
CarboxyFluorescein Succinimidyl Ester (CFSE), whose fluorescence intensity 
decreases with every cell division. As expected, CFSE fluorescence intensities in ChA-
treated VSMCs at 48 and 72 h were higher than for the controls (Fig. 3.20E). These 
results suggest that there is a decline in proliferative capacity of VSMCs treated with 
ChA. Taking these results into account together with the increase in lysosomal mass, we 
decided to search for cell senescence markers in VSMCs exposed to ChA. 
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Figure 3.20 | ChA delays VSMCs proliferation rate. 
(A) Percentage of cells without staining (negative), necrotic (PI positive) and apoptotic (annexin V positive) 
after 24, 48 and 72 h of treatment (POPC or ChA). All conditions were repeated 3 times and more than 
500 cells were analysed per condition. (B) Quantification of LDH activity from the medium of POPC and 
ChA treated cells after 72 h of treatment. Data represent the mean ± SD of 3 independent experiments. 
Statistical significance was assessed two-way NOVA: ns, non-significant. (C) Percentage of cell number at 
48 and 72 h after POPC and ChA treatment. Values normalized to POPC (100%). Data represent the mean 
± SD of 3 independent experiments. Statistical significance was assessed by two-way ANOVA: ***, p < 
0.001; ****, p < 0.0001. (D) VSMCs Ki-67 mRNA expression evaluated by RT-qPCR at 48 and 72 h of 
exposure to POPC and ChA. Data were normalized to the endogenous Gapdh and Pgk1 genes. Data 
represent the mean ± SD of 3 independent experiments and were normalized to POPC (dashed line). 
Statistical significance was assessed by two-way ANOVA: *, p < 0.05; ns, non-significant. (E) CFSE intensity 
levels in VSMCs after a pulse of 20 min of CFSE and a chase of 48 or 72 h with POPC or ChA treatment. 
Data represent the mean ± SD of 5 independent experiments and were normalized to POPC at 48 h. 
Statistical significance was assessed by unpaired t-test: ***, p < 0.001; ****, p < 0.0001.  
Cellular senescence can be established by the activation of two different tumor 
suppressor pathways: CDKN2A(p16)-RB (retinoblastoma) and TP53-cyclin-dependent 
kinase inhibitor1A (CDKN1A, p21). Thus, we assessed whether these two senescent 
pathways were activated in VSMCs treated with ChA. As shown in Fig. 3.21A and B, at 
48 h p16 levels were higher in ChA-treated than in control cells. This is in line with the 
lower number of cells at 48 h (Fig. 3.20C). Nevertheless, p16 levels at 72 h returned to 
POPC expression levels. Yet, when we evaluated p21 expression levels, we could 
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observe that they were higher in ChA-treated than in control cells at 72 h (Fig. 3.21C and 
D).  
Figure 3.21 | ChA-treated VSMCs show an increase of early senescent-like markers. 
(A) Western blot for p16 of VSMCs treated with POPC and ChA at 48 and 72 h. GAPDH was used as loading 
control. (B) p16/GAPDH ratio of bands obtained by Western blot in (A). Data represent the mean ± SD of 
3 independent experiments. Statistical significance was assessed by unpaired t-test: **, p < 0.01; ns, non- 
significant. (C) Western blot for p21 levels in VSMCs treated with POPC and ChA for 72 h. Calnexin was 
used as loading control. (D) p21/calnexin ratio of quantified bands obtained in (C). Data represent the 
mean ± SD of 3 independent experiments. Statistical significance was assessed by unpaired t-test: **, p < 
0.01; ns, non-significant. 
The expression of p21 is orchestrated by the transcription factor p53, which promptly 
translocates to the nucleus in response to different stress signals driving p21 expression. 
After 72 h exposure to ChA, VSMC presented a significantly increased ratio of nuclear 
vs. cytoplasmic p53, evidencing its nuclear translocation (Fig. 3.22A and B). This is in 
line with the increased p21 expression levels at this time point. However, this outcome 
did not result in γH2AX, a histone involved in DNA repair, translocation into the nucleus 
(Fig. 3.22C), suggesting that our results were more compatible with a state of reversible 
cell cycle arrest (quiescence) than with cell senescence. 
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Figure 3.22 | Increased translocation of p53 into the nucleus in ChA-treated VSMCs. 
(A) VSMCs were incubated 72 h with POPC (left panel) or ChA (right panel). After incubation, cells were 
stained for p53. Fluorescence microscopy images (Zeiss Axio Imager Z2 microscope); nucleus delimited by 
dashed lines. Magnification: 63×; scale bar: 20 μm. (B) Ratio of mean fluorescence intensities of p53 in 
the nucleus and cytoplasm at 72 h in cells treated with POPC and ChA. Data represent the mean ± SD of 3 
independent experiments. Statistical significance was assessed by unpaired t-test: ***, p < 0.001. (C) 
VSMCs incubated 72 h with POPC (left panel) or ChA (right panel). After incubation, cells were stained for 
H2AX. Fluorescence microscopy images (Zeiss Axio Imager Z2 microscope). Magnification: 63×; scale bar: 
20 μm. Etoposide (ETP) for 16 h prior to staining at 100 µM (panel on the left upper corner of POPC) was 
used as control for H2AX staining. 
Cells undergoing senescence induce the development of a “senescence-associated 
secretory phenotype” (SASP), resulting in the secretion of a range of proteases, 
chemokines and pro-inflammatory cytokines. Furthermore, SASP is one of the key 
characteristics that distinguish senescent from quiescent cells. Thus, to confirm that ChA 
causes quiescence and not senescence in VSMCs, we evaluated the mRNA levels of 
some SASP components such as Il-1β, Il-6 and Tnf by RT-PCR. As shown in Fig. 3.23A, 
there was a significant increase of Il-1β transcript at 6 h in ChA-treated cells, when 
compared with the control, and there was a clear tendency for the increase of the 
transcription of Il-6 (Fig. 3.23B) and Tnf (Fig. 3.23C). Nonetheless, ChA-treatment did 
not significantly increase the levels of pro-inflammatory IL-6 in the supernatant of 
VSMCs, compared to POPC-treated cells at 72 h (Fig. 3.23D), while IL-1β and TNF-α 
were below the detection limit (results not shown). Other pro-inflammatory cytokines, 
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such as IL-1α, IL-10, were also assessed by ELISA, but were also below the detection 
limit (results not shown). Altogether, our data indicates that although ChA induces cell 
cycle arrest, this is not sufficient to induce at 72 h cell senescence and SASP.  
Figure 3.23 | ChA is not sufficient to induce SASPs in VSMCs. 
VSMCs were incubated during 6, 12, 24, 48 and 72 h with POPC or ChA, and then mRNA was extracted 
and analysed for the expression of Il-1β (A), Il-6 (B), and Tnf (C), by RT-qPCR. Data were normalized to the 
endogenous Gapdh and Pgk1 genes and then normalized to POPC (dashed line). Data represent the mean 
± SD of 3 independent experiments. Statistical significance was assessed by unpaired t-test: *, p < 0.05; 
ns, non-significant. (D) Quantification of IL-6 levels in the supernatant of VSMCs treated for 72 h with 
POPC and ChA. Data represent the mean ± SD of 3 independent experiments, normalized to protein levels. 
Statistical significance was assessed by unpaired t-test: ns, non-significant. 
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3.1.2.6 VSMC migration and elasticity are decreased upon ChA treatment 
VSMC migration to the intima is one of the first steps of atherosclerosis, being critical to 
the formation of the fibrous protective cap over the atheroma. There are several 
mechanisms that can impact VSMC migration. Firstly, changes in the biophysical 
properties of the plasma membrane of VSMCs, as shown in Fig.1, have been described 
to influence migration (Edmond et al., 2015; Taraboletti et al., 1989). Secondly, lysosomal 
dysfunction may also influence this process, as traffic of some migration machinery goes 
through the late endosome/lysosome/plasma membrane pathway, namely integrins and 
matrix metalloproteinases (Dozynkiewicz et al., 2012; Monteiro et al., 2013). Additionally, it 
has been described that lysosome signalling can control migration of dendritic cells and 
macrophages (Bretou et al., 2017). Thirdly, nonproliferating cells in culture are not 
migratory (Li et al., 1999; Seidel et al., 1997). As these three outcomes can impact cell 
migration, we investigated if ChA is able to alter the migration ability of VSMCs. These 
experiments were performed by wound healing in the presence of mitomycin C, to 
synchronize the cell cycle and ensure that the experiment was performed with a similar 
number of cells. The results revealed that VSMCs migration was markedly reduced even 
at 4 h post ChA-addition (Fig. 3.24A). Taking this into account, the decrease in VSMCs 
migration observed upon ChA-exposure may be associated with alterations in lysosome 
function, as some cells featured enlarged lysosomes already at 8 h of ChA exposure 
(Fig. 3.24B, zo om of the regions outlined by the rectangle).  
Figure 3.24 | Acute effect of ChA in 
VSMCs migration.  
(A) Percentage of wound closure in VSMCs 
after 4, 6 and 8 h of treatment with POPC 
and ChA. Data represent the mean ± SD of 3 
independent experiments. Statistical 
significance was assessed by two-way 
ANOVA: ***, p < 0.001; ****, p < 0.0001. (B) 
After 8 h of POPC and ChA treatment, VSMCs 
were stained with LAMP1 antibodies. Panel 
on the upper corner are zoomed regions 
outlined by the rectangles in the panel. 
Confocal single-slice images magnification: 
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Afterwards, we evaluated the transmigration capacity of VSMCs after 72 h of ChA 
exposure. The results indicated that the migration capacity of ChA-treated cells was 
decreased when compared to controls (Fig. 3.25A and B). Furthermore, taking the 
previous results into account, we hypothesized that the described lysosomal dysfunction 
of ChA-treated cells may have a role in VSMC migration and trans-migration. To 
investigate this, we treated cells with CQ for 4 h and measured their transmigratory 
pattern. The results revealed that upon CQ treatment, the migration capacity was 
strikingly reduced when compared with ChA treated and control cells (Fig. 3.25 A and 
B).  
Figure 3.25 | Inhibitory effect of ChA in VSMCs migration. 
(A) VSMCs were added to the upper chamber of 8-mm-pore membranes after 72 h treatment and allowed 
to migrate for 2 h. Representative fields of crystal violet-stained cells that migrated to the lower surface 
of the membranes are shown: POPC (upper left panel), ChA (upper right panel) and chloroquine (CQ, lower 
panel). Magnification: 40×; scale bar: 200 μm. (B) Quantification of the number of cells per field that 
migrated in (A). Data represent the mean ± SD of 3 independent experiments. Statistical significance was 
assessed by one-way ANOVA: ****, p < 0.0001. 
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Earlier, we have shown that after removing the ChA, lysosome enlargement disappear 
after a 72 h chase. So, to check whether we could recover the migratory capacity of 
VSMCs, we did a pulse-chase experiment where after 72 h of treatment with POPC or 
ChA, we removed the lipids and let the cells recover for another 72 h (which was the 
time that we did not see any lysosomal enlargement). Results showed that, ChA treated 
VSMCs after 72 h of chase did recover their transmigration capacity almost to the levels 
present in POPC treated cells (Fig. 3.26).   
Overall, these results indicate that ChA treatment leads to a decrease in the migration 
capacity of VSMCs upon acute (8 h) and chronic (72 h) exposures, and that lysosomes 
may play an important role in this process. 
Figure 3.26 | ChA treated cells re-established their transmigration capacity after 72 h of 
chase.  
(A VSMCs were added to the upper chamber of 8-mm-pore membranes after 72 h of treatment and 72 h 
of chase and allowed to migrate for 2 h. Representative fields of crystal violet-stained cells that migrated 
to the lower surface of the membranes are shown: POPC (upper panel), ChA (lower panel). Magnification: 
40×; scale bar: 200 μm. (B) Quantification of the number of cells per field that migrated in (A). Data 
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One hypothesis that could explain the decrease capacity of the VSMCs to migrate is the 
effect that ChA, a derivative from cholesterol, can have at the level of biophysical 
properties of the plasma membrane, which has an important role in cell migration (Keren, 
2011). 
Caveolin-1 plays several roles in membrane dynamics, including organization of lipid 
rafts, trafficking of cholesterol, and anchoring of signalling molecules (Travis et al., 2001). 
To address the changes of plasma membrane properties, we measured the caveolin-1 
protein levels. Our results showed that caveolin-1 expression in VSMCs was not altered 
in the presence of ChA when compared with POPC treated cells (Fig.3.27). This 
suggests that the organization of the membrane seems to be maintained. 
Figure 3.27 | Caveolin-1 protein expression in VSMCs does not alter in the presence of 
ChA. 
 (A) Western blot for caveolin-1 of VSMCs treated with POPC and ChA at 72 h. Calnexin was used as loading 
control. (B) Caveolin-1/Calnexin ratio of bands obtained by Western blot in (A). Data represent the mean 
± SD of 3 independent experiments. Statistical significance was assessed by unpaired t-test: ns, non- 
significant. 
ChA may also affect the biomechanical characteristics of cells, with consequences in 
migration and transmigration. The biomechanical characteristics of the plasma 
membrane in particular, membrane tension and its composition are of central importance 
in cell motility (Keren, 2011). To evaluate if ChA is altering the biomechanical properties 
of VSMCs, atomic force microscopy (AFM) measurements were performed. The AFM tip 
penetration depth and the Young’s modulus were the quantitative parameters extracted 
from the AFM quantitative images, combining imaging with force spectroscopy. The 
results revealed that ChA treated cells present lower penetration depth, indicating that 
they are less capable to deform than control cells (Fig. 3.28A and B). Moreover, ChA-
treated VSMCs showed a higher Young’s modulus, when compared to the controls (Fig. 
3.28A and C), also indicating that these cells are stiffer than their controls. Due to the 
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actin. Thus, it is expectable that lysosomes full of ChA would also contribute to the 
observed increase in cell stiffness. Overall, these results indicate that ChA reduces cell 
elasticity. From Fig. 3.28A (height images), it can also be noticed that VSMCs treated 
with ChA change their morphology, becoming less elongated and organized in a 
monolayer, when compared with the control cells. ChA-treatment lead to local changes 
on cell deformation (lower penetration depth), apparently at the cytoplasm level, when 
compared with the penetration depth QI image of the control cells. 
Altogether, our data suggests that lysosome dysfunction, cell cycle arrest and changes 
of the biomechanical properties in ChA-treated VSMCs can lead to pro-atherogenic like 
phenotypes. 
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Figure 3.28 | VSMCs elasticity is decreased upon ChA treatment. 
(A) AFM images of VSMCs treated with POPC and ChA for 72 h: QI height (upper panel), elasticity (middle 
panel) and penetration depth (lower panel). Scale bar: 20 µm. (B) Quantification of AFM tip penetration 
depth onto VSMCs treated with POPC and ChA for 72 h, for an applied force of 650 pN. The “+” symbol 
indicates the average value of penetration depth for each group of 3 independent experiments. Statistical 
significance was assessed by t-test: ***, p < 0.001. (C) Quantification of Young’s modulus of VSMCs treated 
with POPC and ChA for 72 h. The “+” symbol indicates the average value of Young’s modulus for each 
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3.1.3 Discussion 
One of the early characteristics of atherogenesis, observed in lesions of different origins, 
is the sequestration of lipids by macrophages and VSMCs in their lysosomes. It is 
accepted that lysosome dysfunction is at the centre of the atherosclerosis pathogenic 
hub (Fowler, 1980; Fowler et al., 1980; Geer et al., 1961; W G Jerome & Lewis, 1985; Shio et al., 
1979; Wolinsky et al., 1974; Yancey & Jerome, 1998). The decline of lysosomal function is 
postulated to cause and/or facilitate atherosclerosis. In contrast with the vast amount of 
literature on lysosome dysfunction in macrophages, very little is known about lysosome 
dysfunction in VSMCs. Here we found that ChA, an end stable oxidation product of 
cholesteryl linoleate and arachidonate found increased in plasma of CVD patients 
(Domingues, 2018), accumulates in VSMCs and causes lysosome malfunction 
recapitulating many of the effects seen with oxLDL, including induction of foam cell 
formation. We also demonstrate that, as a consequence of these alterations, these cells 
become stiffer, migrating and proliferating less.  
The dysfunctional lysosomes in VSMCs have characteristics different from those found 
in ChA-treated macrophages (Domingues, 2018), suggesting that the properties of the 
dysfunctional lysosomes are cell type specific. In both experimental settings, there is 
lysosomal lipid accumulation, changes in luminal pH, morphology and lysosomal mass. 
These outcomes can be explained by the fact that ChA, like cholesterol, is an amphiphilic 
molecule and partitions via passive diffusion and trans-membrane translocation into all 
cell membranes. Thus, like cholesterol, it is expected that ChA affects membrane lateral 
packing density, causing changes in the V-ATPase activity, increased luminal pH and 
decreased acidic hydrolase activity (Maxson & Grinstein, 2014). It is also conceivable that 
lysosome dysfunction is not only due to changes in the biophysical properties of cell 
membranes. For example, it is possible that ChA, like oxLDL, is a poor substrate for the 
lysosomal acidic lipase (LAL), causing its retention and accumulation of endocytosed 
neutral lipids, cell debris, apoptotic cells etc, within the lysosome of foam cells, promoting 
atherogenesis. Increase in lysosome area can then be explained by the accumulation of 
undigested material inside lysosomes or increase in lysosome fusion and decrease in 
fission or even by an increase in de novo lysosome biogenesis (de Araujo et al., 2020; Saffi 
& Botelho, 2019). However, in contrast with macrophages, the increase in lysosome area 
in ChA- treated VSMCs cannot be attributed to lysosomal biogenesis. As such, mTOR 
and MiT/TFE transcription factors, key players in cellular adaptation to lysosome 
dysfunction, are not activated in ChA-treated VSMCs. MITF and TFE3 are translocated 
into the nucleus even before the increase in lysosomal area can be observed, while there 
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is a decrease of the nuclear fraction of TFEB at earlier time-points. More importantly, the 
nuclear translocation of MITF and TFE3 is not translated into an increase of transcription 
of lysosome- and autophagy-related genes and, for later incubation times there is even 
a general decrease in transcription of the genes analysed. MITF is the least described 
TF regarding its participation in lysosomal biogenesis. This is due to the fact that MITF 
has multiple tissue-specific isoforms and some, like MITF-A, have already been 
described not to play a role in the regulation of lysosomal genes (Martina et al., 2014). 
TFE3 has been shown to induce lysosomal biogenesis independently of TFEB, which is 
not in accordance with our observations for VSMCs (Martina et al., 2014). One possible 
explanation is the capacity of these TF to heterodimerize, which may influence the 
relative contribution of MITF and TFE3. Furthermore, the decrease in TFEB nuclear 
content is correlated with the decrease in its transcript. With time, total TFEB protein 
levels decrease and its phosphorylation levels increase pointing to a general TFEB 
inhibition in our experimental settings. As mTOR levels are not changed, this indicates 
an increase of mTOR activity that is also shown by increased of S6K1 phosphorylation. 
Thus, MITF and TFE3 nuclear translocation is not sufficient to compensate the general 
TFEB inhibition indicating a crucial role of TFEB in the compensatory response of 
VSMCs to altered lysosome malfunction. This may explain the decrease in the number 
of lysosomes and absence of autophagy induction, but not the increase of lysosomal 
mass in ChA-treated VSMCs. Indeed, the previous results do not explain the observed 
increase in lysosomal components such as LAMP1 and the pro-forms of the proteases 
cathepsin D and B, and, we hypothesize that lysosomal proteins in ChA-treated VSMCs 
become more stable or there are defects in their turnover, similarly to what was described 
for LAMP2 in the absence of protein/cathepsin A (Cuervo et al., 2003). 
ChA changes the biophysical properties of the plasma membrane, possibly due to the 
ability of this amphiphilic molecule to partition into membranes, culminating with a 
decrease in PM fluidity. These changes may alter cell signalling and the interaction of 
the PM with the cell cytoskeleton. Ultimately, the combinatory effect of these cellular 
alterations with the increasingly larger lysosomes full of ChA and other undigested cargo 
culminates in increased cell stiffness (Fig. 3.29, working model). The increase in cell 
stiffness may explain, in part, the effects on cell quiescence and migration. However, 
while VSMC migration and proliferation can contribute to neointima thickening and 
decrease of the arterial lumen (Wang et al., 2019), we argue that VSMC migration and 
proliferation are also crucial to form the fibrous cap that stabilizes atherosclerotic lesions. 
Furthermore, VSMCs are critical players in the phagocytosis of lipids, dead cells and 
debris. This engulfment process requires actin cytoskeleton rearrangements, as well as 
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efficient lysosomes for degradation of the internalized cargo (Santarino et al., 2017; Viegas 
et al., 2012). Therefore, we postulate that ChA-treated VSMCs will have their clearance 
capacity compromised in atherosclerotic lesions. 
Figure 3.29 | Model of ChA-induced proatherogenic changes in VSMC homeostasis. 
(A) In healthy arteries, VSMCs are located in the medial layer and present a contractile phenotype, being 
responsible for maintaining the tonus of the vessels. Under these conditions, VSMCs are mainly quiescent 
and highly differentiated, their proliferation being prevented by the basement membrane. Nonetheless, 
these cells retain a high degree of dedifferentiation potential and plasticity. (B) During atherosclerotic 
plaque formation, VSMCs become proliferative and migrate to form a protective fibrous cap, which, in 
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certain conditions, prevents plaque rupture. The uncontrolled uptake of ChA-containing oxLDL by VSMCs 
(along with other cell types) triggers a change from a contractile to a synthetic phenotype. VSMCs 
contribute to half of the foam cell population formed through this pathogenic process. In time, foam cells 
can die by necrosis, releasing their content and aggravating the inflammatory cascade. Exposure to ChA 
alone can mimic some of these alterations in VSMCs, namely the increase in cell stiffness, inhibition of 
proliferation and accumulation of neutral lipids in enlarged (dysfunctional) lysosomes. Changes in 
lysosome homeostasis are likely the consequence of ChA-induced retention of the TFEB transcription 
factor in the cytosol, which hinders nuclear transcription of lysosome and autophagy-related genes. 
The role of TFEB in regulation of cardiovascular functions has only recently become 
clearer. In particular, activation of TFEB by trehalose or by genetic means ameliorates 
atherosclerosis development in mice by promoting lysosome regeneration, autophagy 
induction and inhibition of inflammasome activity in macrophages (Emanuel et al., 2014; 
Evans et al., 2018; Sergin et al., 2017). In the future, it will be important to assess if TFEB 
gain of function can also overcome the negative impact of ChA on lysosome function in 
VSMCs. Furthermore, despite many years studying atherosclerosis, we are still largely 
in the dark when it comes to understanding the specific characteristics of dysfunctional 
lysosomes. This work shows that lysosome dysfunction caused by ChA in VSMCs and 
in macrophages have some different characteristics. The increasing power of organelle-
specific profiling via proteomic, lipidomic and metabolomic approaches will be useful in 
understanding these differences and answering critical questions, such as how sensing 
mechanisms vary within different tissues and organs, and how their dysregulations 
contribute to disease progression. 
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3.1.4 Supplementary Figures 
Figure S3.1 | LAMP distribution in treated and non-treated VSMCs. 
(A) Representative images of VSMCs labelled with LAMP2 and LAMP1. Merged images (right panel) show 
LAMP2 in magenta and LAMP1 in green. Confocal single-slice images magnification: 63×; scale bar: 10 μm. 
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Figure S3.2 | ChA does not lead to the nuclear translocation of MiT/TFE transcription 
factors in early time-points.  
VSMCs were incubated for 3 h (left panel), 6 h (middle panel) and 12 h (right panel) with POPC (upper 
panel) or ChA (lower panel). After incubation, the cells labelled with MITF (A), TFE3 (C) and TFEB (E) 
antibodies. Fluorescence microscopy images (Zeiss Axio Imager Z2microscope); Magnification: 63x and 
Scale bar: 20 μm. nucleus delimited by dashed lines. (B), (D) and (F) represent the ratio of mean intensity 
of MITF, TFE3 and TFEB fluorescence, respectively, of the nucleus with cytoplasm at 3 h, 6 h, 12 h in cells 
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treated with POPC and ChA. Data represent the mean ± SD of 3 independent experiments. Statistical 
significance was assessed by 2way ANOVA: ns- non significant. 
Figure S3.3 | ChA does not affect LDH activity. 
(A) Quantification of LDH activity of lysed cells, lysed cells with HEPES, lysed cells with POPC and lysed 
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Atherosclerosis is the disease of this century and to this date its development mechanism 
is not fully understood. And, without it, there is not an efficient diagnostic tool to detect 
the development of an atherosclerotic plaque at early stages. Our group has recently 
identified a family of lipids, cholesteryl hemiesters, in the plasma of CVDs patients with 
potential to predict the amount of atheromata and/or the existence of unstable plaque, 
as their levels increased with the development of the disease.  
Atherosclerotic plaque formation involves the participation of different cell types that have 
different contributions to the disease. The most studied are the macrophages and we, 
indeed, have already shown, in previous works, that cholesteryl hemiesters are highly 
atherogenic towards these cells. Yet the role of VSMCs in atherosclerosis is gaining 
importance as it has been implicated in all stages of the disease having a major role in 
the progression of the atheroma. 
With this work we conclude that the most prevalent cholesteryl hemiester found in the 
plasma of CVD patients, ChA, has properties that mimic some of the effect of oxLDL in 
atherosclerosis in VSMCs. ChA alone can induce: a) lysosomal enlargement and 
lipidosis due to increased pH and a delayed in the cargo exit from the lysosomes; b) ChA 
treated cells present a decrease in proliferation rate and migration capacity which, the 
last, may be partially due to lysosomal impairment and/or changes in the biomechanical 
properties of the membrane; c) the compensatory mechanism by activation of TFEB 
translocation into the nucleus and the transcription of its target genes does not occur in 
ChA treated VSMCs. These latter results are in contrast with the effect described for ChA 
towards macrophages. These different outcomes, dependent on the cell type show how 
heterogenous atherosclerosis is and how important it is to study these cells isolated to 
understand the disease as a whole. 
Despite the robust results from in vitro studies in a murine cell line, it would be very 
important to evaluate the effect of ChA in primary human VSMCs and in animal models 
and understand the mechanism behind this lysosomal dysfunction to better understand 
the biology of VSMCs to, in the future, find specific targets to manipulate pathological 
phenotypes and/or revert them. 
As the ultimate goal, we aim to validate the use of ChA levels in the plasma of CVD 
patients as a biomarker of early stages of atherogenesis and to prevent/revert the 
development of the atheroma. 
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